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A cost efficient and reliable mooring system is required for the floating 
production system for oil and gas exploration and production. Suction 
embedded plate anchor (SEPLA) is a viable deep water mooring system due to 
advantages in terms of low cost, accurate positioning, short installation time 
and high efficiency. It has been available since 1998 but the behavior of 
SEPLA still warrants further investigation if they are used for permanent 
mooring. The objective of this thesis is to address issues related to the 
application of SEPLAs as a permanent mooring system.  
 
The Eulerian finite element method is ideal for analyzing problems involving 
large deformation in geotechnical engineering. Mesh distortion does not occur 
despite the material undergoing large deformation. First, the Eulerian large 
deformation finite element analysis was conducted in ABAQUS to study the 
pullout behaviour of SEPLA in uniform clay and in clay with linearly 
increasing shear strength. A new kind of flow mechanism during the pullout of 
square plate anchor is defined in this thesis as the partially full flow 
mechanism. An approach to predict the uplift capacity of plate anchor under 
different combinations of embedment ratio, overburden pressure and soil non-
homogeneity is proposed. Second, the keying process and the effect of 
installation were also assessed by the Eulerian finite element approach. 
Factors affecting the loss of embedment during the keying process and the 
final anchor capacity such as anchor contact behaviour, anchor geometry, soil 
vii 
 
sensitivity, installation method as well as pullout angle are investigated to 
enhance the confidence of using SEPLA as a permanent mooring system. The 
effect of the soil sensitivity is minor for the loss of embedment compared to 
other factors but it reduces the anchor short-term capacity. The loss of 
embedment increases with decreasing anchor eccentricity ratio when the 
eccentricity ratio is less than 0.5. The pullout angle has minimal effect on the 
ultimate anchor resistance but it affects the loss of embedment. The thesis also 
extends the study on the behavior of SEPLA under sole vertical pullout to 
combined vertical, horizontal and moment loadings. Due to the remolding of 
the soil and change of SEPLA configuration during the keying process, the 
size of the yield locus for short-term capacity is much smaller than the wish-
in-place horizontal plate although the shape of the yield locus remains quite 
similar. An improved yield locus for plate anchor under general loading 
condition after the keying process under short-term condition considering the 
remolding of the soil is proposed. 
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Chapter 1 Introduction 
1.1 Offshore oil and gas industry 
As the worldwide demand for oil and gas increases, the oil and gas exploration 
activities move steadily from shallow to deep waters. Figure 1.1 illustrates the 
historical trends in oil and gas production in the Gulf of Mexico. Since 1997, 
the shallow water oil and gas production in the Gulf of Mexico has steadily 
declined. In contrast, there is a dramatic increase in deepwater oil production. 
From year 2000 onwards, more oil has been produced from the deepwater 
areas of the Gulf of Mexico compared to shallow water areas. 
 
The definition of deepwater is evolving with advancement of technology. 
Nowadays, water depth greater than 1000 feet (305 meters) is defined as 
deepwater, and water depth greater than 5000 feet (1524m) is considered ultra 
deepwater (OCS Report, MMS 2009-016). Approximately 70% of oil and 36% 
of natural gas in the Gulf of Mexico were from deepwater in 2007. At the end 
of 2008, 57% of all Gulf of Mexico leases were located in deepwater. As 
presented in Table 1.1, the top 20 prolific producing blocks in the Gulf of 
Mexico are all located in deepwater (OCS Report, MMS 2009-016). 
 
As the oil and gas exploration activities move towards deepwater, floating 
production system (FPS) such as tension leg platforms (TLPs), floating 
production storage and offloading vessels (FPSOs), semi-submersible floating 
production systems (FPSs) and spar platforms are adopted (Figure 1.2). 
Traditional types of foundations such as pile foundations and gravity 
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foundations are usually uneconomical compared to anchor systems for floating 
facilities. Hence, the design of cost effective and reliable deepwater anchor 
systems poses a new challenge for offshore geotechnical engineers. 
 
1.2 Anchor systems 
Anchoring systems are used to moor the aforementioned floating facilities. 
The anchors used in these systems are designed to resist uplift forces unlike 
the compression-dominated conventional foundations such as those used for 
jackets and gravity platforms. 
 
Currently, there are two types of anchoring systems (Table 1.2), one is gravity 
anchors and the other is embedded anchors (Randolph et al., 2005). Only 
embedded anchors are of interests herein. 
 
1.2.1 Anchor piles 
A typical anchor pile comprises a steel tube with a mooring line attached at 
some level below the mud line (Figure 1.3). Anchor piles are similar to 
conventional piles but carry the load differently by transferring tension forces 
from the floating structures to the seabed. Anchor piles which are capable of 
withstanding both axial and lateral load are usually installed into the seabed by 
means of an underwater piling hammer. The resistance is provided by the 
friction between the pile shaft and the surrounding soil. Although anchor piles 
can be reliably installed into the seabed, the installation costs increase rapidly 
with increasing water depths due to the large crane barges and pile driving 
equipment required for the installation. 
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1.2.2 Suction caissons 
Suction caisson anchors consist of a large stiffened cylinder with a cover plate 
at the top and an open bottom (Figure 1.4). The diameter of a suction caisson 
is about 2.5m to 7.5m and length to diameter ratios are in the range of 5 to 7 
(Ehlers et al., 2004). The mooring line can be attached to the caisson at any 
point along its length. 
 
The suction caisson is first installed by self-weight penetration followed by 
pumping water out of the caisson to create an underpressure or suction within 
the caisson. The difference in pressure results in a downward force, which 
pushes the suction caisson into the seafloor. Although suction caissons can be 
installed from a cheaper anchor handling vessel (AHV), their installation 
requires multiple trips or vessels owing to their large size. 
 
1.2.3 Drag anchors 
Drag anchor is a fixed-fluke anchor, with a bearing fluke rigidly attached to a 
shank (Figure 1.5). The predetermined angle between the shank and the 
bearing fluke is typically around 50º for clay and 30º for sand (Randolph et al., 
2005). 
 
Drag anchors are installed by positioning the anchor on the seabed with a 
predetermined orientation and then pretensioning the chain to embed the 
anchor to achieve an appropriate load. The resistance of a drag anchor is 
derived from the bearing resistance of the fluke and the friction along the 
shank. Drag anchors exhibit high efficiencies and can be retrieved when they 
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are no longer needed. However, drag anchors are suitable for resisting 
horizontal loads and unsuitable for large vertical loads. Furthermore, higher 
site investigation costs are incurred due to significant anchor drag distances 
(Richardson, 2008). 
 
1.2.4 Vertical loaded anchors 
Vertical loaded anchors (VLA) consist of a thin plate and smaller shanks 
compared to traditional drag anchors (Figure 1.6). The shank can be rotated 
while the design cable tension is applied during installation so that the fluke is 
oriented normal to the anchor line force. 
 
The vertical loaded anchor is installed like a conventional drag anchor, but 
penetrates much deeper. The anchor can withstand both horizontal and vertical 
loads. Since site investigation is a key factor for the vertical loaded anchor 
during both installation and final application, the high costs involved is a 
disadvantage (Ehlers et al., 2004). Moreover, uncertainty in the final anchor 
position poses other challenges.  
 
1.2.5 Suction embedded plated anchors 
Suction embedded plate anchor (SEPLA) comprises a plate anchor that is 
penetrated in a vertical orientation using a caisson. A typical SEPLA consists 
of a fluke, a shank and a keying flap (Figure 1.7). The SEPLAs used for 
Mobile Offshore Drilling Unit (MODU) are usually solid steel plates with 
widths and lengths ranging from 2.5m to 3.0m and 6m to 7.3m, respectively. 
For permanent installations, the plate will typically be a double-skin or hollow 
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construction with 4.5m×10m in size (Wilde et al., 2001). The typical 
embedment ratio H/B, where H is the embedment depth and B is anchor width, 
ranges from 4 to 10 (Gaudin et al., 2006a). 
 
The installation process is depicted in Figure 1.8.  First, the suction follower, 
together with the SEPLA slotted into its base, is lowered to the seafloor and 
allowed to self-penetrate. Then, the suction follower is embedded in a manner 
similar to a suction caisson by pumping out the water inside the caisson. Once 
the SEPLA has reached its design penetration depth, the pump flow direction 
is reversed and water is pumped back into the follower, causing the follower to 
move upwards, leaving the SEPLA in place. At this stage the plate anchor and 
the mooring line are embedded vertically in the seabed. Lastly, the SEPLA is 
rotated by pulling the mooring line to an orientation perpendicular to the 
direction of the line at the anchor end to develop its full capacity (Gaudin et al., 
2006a).  
 
During installation, the plate anchor is in a vertical direction to minimize the 
installation resistance. This installation method allows for more accurate 
positioning of the anchor. Since the suction caisson acts only as an installation 
tool, it can be reused. Hence, the overall cost of this anchor system is greatly 
reduced. 
 
The SEPLA combines the advantage of suction caissons and vertical loaded 
anchors. With improved geotechnical efficiency, the size and weight of a 
SEPLA is only approximately 1/3 that of a suction caisson of the same 
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capacity (Brown et al., 2010). Consequently, more plate anchors can be placed 
on board an anchor handling vessel (AHV) per trip. The adoption of a plate 
anchor mooring system is generally more environmental friendly because of (i) 
a reduction in the quantity of steel required for the anchor, (ii) the use of 
smaller AHV vessels, (iii) lesser number of AHV trips required to complete 
the installation, and  (iv) reuse of the suction follower. 
 
Despite the aforementioned advantages, the final orientation of the plate 
cannot be assured and the loss of embedment also needs to be considered. 
Additionally, a zone of weakened soil caused by the installation and extraction 
of suction caisson results in a lower anchor resistance.  
 
1.2.6 Dynamically penetrated anchors 
Torpedo anchor is a type of dynamically penetrated anchor, which consists of 
a cylindrical thick wall steel pipe filled with scrap chain or concrete (Figure 
1.9). The ballast inside the anchor increases its overall weight and maintains 
the center of gravity below the center of buoyancy for stability. The present 
design of a torpedo anchor is 1 to 1.2m in diameter, with a dry weight of 500 
to 1000kN and a length of about 10 to 15m. The fin of the torpedo anchor is 
approximately 0.45 to 0.9m wide and 9 to 10m long (Randolph et al., 2005). 
 
Dynamically penetrated anchors refer to anchors which can embed themselves 
by free-fall due to self-weight from a specified height above the seabed. The 
installation process is illustrated in Figure 1.10 (Lieng et al., 2000). The 
release height is typically 20 to 40m above the mud line, and the impact 
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velocity is about 25 to 35m/s. The penetration depth that can be achieved is 
approximately three times the anchor length. The capacity is dominated by the 
friction between the torpedo shaft and surrounding soil, which is expected to 
lie in the range of 5 to 10 times the weight of torpedo anchor (Randolph et al., 
2005). 
 
Ehlers et al. (2004) explained that torpedo anchor has three advantages over 
other anchors. First, it is economical because of ease of fabrication, quick 
installation, and an external source of energy is not required. Petrobras 
reported a cost reduction of about 30% for torpedo anchors system (Medeiros 
Jr, 2001). Second, the installation is less dependent on the sea state. The 
torpedo anchor can be used at any water depth. Finally, the holding capacity is 
less sensitive to the soil shear-strength profile since higher seabed soil shear 
strengths permit less penetration depths and vice versa. 
 
Although torpedo anchor has been used by Petrobras in the Campos Basin 
(Medeiros Jr, 2001, 2002), some uncertainty still exists in predicting the 
penetration depth and holding capacity. Recently, a new anchor type DEPLA 
(dynamically embedded plate anchor), which combines the advantage of plate 
anchor and torpedo anchor, is now under further research (Wang and 
O'Loughlin, 2014). 
 




1.3 Suction embedded plate anchor 
As mentioned in Section 1.2.5, SEPLA is a viable deep water mooring system 
due to advantages in terms of low cost, accurate positioning, short installation 
time and high efficiency. It is a relatively new type of anchor to moor large 
floating structures to the seabed in deep or ultra-deep waters (Aubeny et al., 
2001). SEPLAs combine the advantage of suction caissons and vertical loaded 
anchors, which are excellent choices for deepwater mooring systems. SEPLAs 
have been adopted for temporary mooring of MODUs since 2000. In 2006, 
SEPLAs were first used for permanent mooring of a deepwater floating 
production unit situated at a marginal deepwater field with 3,000 feet water 
depth in the Gulf of Mexico.  
 
Brown et al. (2010) noted that SEPLAs have proven to be an efficient and cost 
effective way to anchor MODUs in deep waters around the world. However, 
some aspects of SEPLA behaviour still warrant further investigations if they 
are to be used in permanent mooring systems for floating production facilities. 
They further highlighted that the vertical pullout during keying is potentially a 
critical consideration in the design and installation of such direct-embedment 
anchors. Hence, some aspects of SEPLA behaviour still warrant further 
investigation. Till today, the rotation of SEPLA, the capacity and behaviour of 
SEPLA under combined loading are still not well understood. More research 
work is needed to gain confidence by the industry to apply SEPLAs as 
permanent mooring systems. 
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1.4 Objectives and scope of study 
The scope of this study is to enhance the understanding of the fundamental 
mechanism of SEPLA during installation, keying process, continuous pullout 
and under combined loading condition. Salient aspects of this research are 
summarized as follows: 
(a) investigate the uplift capacity of plate anchor embedded in both 
uniform and non-homogeneous clay, 
(b) explore the installation and extraction process of suction caisson, as 
well as the effect on the short term anchor capacity,  
(c) study the soil-SEPLA interaction behavior during keying process, and 
(d) verify the behavior of SEPLA under combined loading condition 
This study aims to increase the confidence of using SEPLA as a permanent 
mooring system. 
 
1.5 Thesis structure 
This thesis consists of 8 chapters, including this introductory chapter. Chapter 
2 provides a general overview on existing literature related to capacity of plate 
anchors, soil behavior during keying process, effect on final resistance during 
suction caisson installation and behavior of plate anchor under combined 
loading condition. The description of the methodology of the Eulerian 
formulation and explicit method in ABAQUS as well as the finite element 
model used in this study are presented in Chapter 3. The detailed numerical 
analysis on the uplift capacity of a plate anchor in uniform clay and non-
homogeneous clay are investigated in Chapters 4 and 5, respectively. The 
findings described in Chapter 4 had been published in Computers and 
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Geotechnics (Chen et al., 2013). The results in Chapter 5 had been published 
in Canadian Geotechnical Journal (Tho, K. K., Z. Chen, C. F. Leung and Y. K. 
Chow, 2014). Chapter 6 investigates the soil flow mechanism, the loss of 
embedment, the resistant force during the keying process and influence of 
suction caisson installation on the SEPLA capacity. The behavior of SEPLA 
under combined loading condition is presented in Chapter 7. The final Chapter 
8 provides the summary and conclusion of the present study.   
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Table 1.1 Top 20 producing blocks for the years 2006-2007 in the Gulf of 
Mexico (OCS Report, MMS 2009-016). 
 
 
Table 1.2 Types of anchors (Randolph et al., 2005) 





Grillage and berm 
Vertically loaded drag anchor 
Suction embedded plate anchor 
Dynamically penetrated anchor 
                     
12 
 
Table 1.3 Advantages and disadvantages of different anchor types (Ehlers 








(a) Oil production 
 
 
(b) Gas production 
Figure 1.1 Comparison of average annual shallow-and deepwater oil and 
gas production (OCS Report, MMS 2009-016). 
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Figure 1.2 Floating systems (Leffler et al., 2003) 
 
 










   





   












Figure 1.7 (a) Photograph of typical SEPLA Anchor and (b) Schematic of 





Figure 1.8 Installation process for Suction embedded plate 
anchor(Gaudin et al., 2006b) ① suction installation ②caisson retrieval 







                                                
        (a) Torpedo anchor without fins                 (b) Torpedo anchor with fins 





Figure 1.10 Installation procedure for torpedo anchor (Lieng et al., 2000)
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Chapter 2 Literature Review 
2.1 Overview 
This chapter presents a review of the existing literature relevant to the 
performance of SEPLA by analytical, numerical and experimental methods. 
The basic theory of plate anchor uplift capacity, the loss of embedment during 
anchor keying process, the effect of suction caisson installation and the 
behaviour of SEPLA under general loading condition are included. 
 
2.2 Uplift capacity of SEPLA 
Since 1970s, the pullout capacity of a plate foundation/anchor has been 
extensively studied by a number of researchers (Vesic, 1971; Das, 1978; Rowe, 
1978; Das, 1980; Martin and Randolph, 2001; Merifield et al., 2001; Merifield 
et al., 2003; Song et al., 2008; Wang et al., 2010; Yang et al., 2010) by means 
of model tests, analytical solutions, finite element simulations and plasticity 
limit analyses. The ultimate resistance of plate anchors under undrained 
condition in clay can generally be expressed as follows 
                                                     c= uF N As                                                (2.1) 
where cN is the capacity factor, A  is the plate area, us is the soil undrained 
shear strength.  
 
Most finite element studies of plate anchor capacity focused on two aspects: 
“immediate breakaway” and “no breakaway”. For “immediate breakaway” 
case, it is assumed that no adhesion or suction between the soil and anchor is 
allowed. Once the anchor is no longer in contact with the underlying soil, the 
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vertical stress below the anchor reduces to zero. For “no breakaway” case, it is 
assumed that the soil anchor interface can sustain enough tension to ensure 
that the anchor remains in full contact with the soil at all times during pullout. 
In reality, it is likely that the true breakaway state of an anchor will fall 
somewhere in between the extremities of “immediate breakaway” and “no 
breakaway” cases. 
 
2.2.1  DNV design code 
DNV (2002) recommended the short-term capacity of plate anchor under static 
load to be computed from    
                                         , (1 0.2 )c u avg
BF N As
L
η= +                                   (2.2)                                     
where η  is an empirical reduction factor due to remoulding and soil 
disturbance during suction caisson installation and keying process and is 
recommended to be 0.75; A  is the area of plate anchor; ,u avgs is the average 
undrained shear strength across the anchor plate embedment depth after 
keying; B  is the plate anchor width; L  is the plate anchor length and cN is 
the bearing capacity factor. The term (1 0.2 B
L
+ ) is the shape factor. 
 
For shallow embedment (penetration depth, H  less than 4.5 B ),    
                               5.14 1 0.987 arctan( )c
HN
B
 = + ⋅  
                                 (2.3)             
For deep embedment (penetration depth, H  greater than 4.5 B ), 12cN = . 
             
23 
 
2.2.2 Analytical solutions and empirical solutions 
Vesic (1971) performed a number of laboratory pullout tests on horizontal 
plate anchors and then proposed an analytical approach for the pullout 
capacity of  horizontal anchors based on solutions for the problem of an 
expanding cavity close to the surface of a semi-infinite rigid plastic solid. 
Factors like soil remoulding, load rate, soil adhesion, soil suction force, ocean 
bottom slope, load eccentricity and soil liquidity were all discussed. 
 
Small scale 1g model tests havd been carried out by Das (1978, 1980) for 
square, circular and rectangular anchors by inserting a hollow tube at the 
anchor base to eliminate suction effect.  For such 1g model tests, the soil 
overburden pressure is quite small relative to the ultimate uplift capacity such 
that they approximate tests done in a weightless soil. They show that the 
capacity factor of anchors located at a relatively shallow depth increases 
linearly with embedment ratio up to a value of about 6. The capacity factor for 
square and circular deep embedded anchors is 9. Das and Singh (1994) 
proposed that the uplift capacity in a real soil with self-weight can be 
computed as the sum of soil overburden pressure and the corresponding 
capacity in a weightless soil.  
 
Yu (2000) derived an expression for the breakout factor for strip, square and 
circular anchor based on cavity expansion theory in cohesive soil. As shown in 
Figure 2.1, he assumed that the breakout of a plate anchor occurs when the 
boundary of the plastic zone is close to or on the ground surface. The capacity 
factor for strip anchor is obtained as  
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                                   0 2 ln(2 ) 1c
u
p p HN m
s B
−
= = +                                   (2.4)  
Capacity factor for circular or square plate anchor is 
                                    0 44 ln(2 )
3c u
p p HN m
s B
−
= = +                                (2.5)          
where p is the pullout ultimate pressure; 0p is the initial soil pressure; us  is 
the undrained shear strength; 1m = for clay when the pullout limit pressure is 
equal to the internal cavity pressure; H  is the anchor embedment depth; B  is 
the width of strip or square anchor, or the diameter for circular anchor. 
 
Based on the approach by Yu (2000), the same equation is used to compute 
the pullout capacity of square and circular plate anchors and no distinction is 
made between the failure mechanisms for shallow and deep embedment 
anchors. The capacity factor for plate anchor is solely a function of anchor 
embedment ratio /H B . 
 
2.2.3 Small strain finite element analysis 
Rowe and Davis (1982) were the first researchers to conduct a conventional 
two-dimensional small displacement small strain finite element analysis to 
determine the uplift capacity of strip and circular anchors. In their study, they 
separate the case for “immediate breakaway” and “no breakaway”. The effects 
of anchor embedment depth, overburden pressure and anchor roughness, 
thickness, shape are all considered in this paper. The deformation due to 
contained plastic flow before collapse was so great that the capacity factor is 
estimated by taking the capacity at a given displacement. The failure load, 
which is named as “k4” failure, is defined as the load mobilized at a 
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displacement four times that predicted by an elastic analysis shown in Figure 
2.2.  
 
A true ultimate capacity is hard to reach within the displacements achievable 
in small strain finite element analysis and it is quite dependent on the element 
type and integration method (full or reduced integration). As such, the ultimate 
capacity is always determined using a arbitrary “cut-off” criteria (Terzaghi, 
1943; Rowe and Davis, 1982). In that case, the results obtained by small strain 
finite element analysis would be less than the true capacity. 
 
Yang et al. (2010) performed small strain, three-dimensional Lagrangian finite 
element analyses using 8-noded linear brick element to study the capacity of 
plate anchor under general loading condition in clay based on the assumption 
that the soil is fully bonded to the plate. Von Mises yield criterion was adopted 
to model the soil and the capacity factor for square plate anchor under pure 
normal loading is approximately 13.3 with the assumption that infinite suction 
force can be sustained beneath the plate during uplift.    
 
2.2.4 Limit analysis theorem solutions 
Kumar (1999) conducted a kinematic method of slices to deal with the 
stability problems of strip foundations subjected to uplift loads, which is based 
on the upper bound theorem of limit analysis and satisfies the kinematic 
admissibility of the chosen collapse mechanism. The soil strength factor “m” 




Merifield et al. (2001; 2003)  subsequently conducted upper and lower bound 
limit theorem analyses based on rigid plastic soil which has an infinitely large 
elastic modulus. The study is limited to “immediate breakaway” anchor with 
both smooth and rough interfaces in weightless soil for strip, square and 
circular anchors. They found that the effect of anchor roughness on the 
capacity factor is minimal and the capacity factor increases linearly with 
overburden pressure up to a limiting value. The limiting capacity factors for 
smooth strip anchors, square anchor and circular anchor were 11.16, 11.9 and 
12.56, respectively. This implies the existence of a sharp transition point that 
corresponds to a sudden change in failure mechanism. 
 
Martin & Randolph (2001) conducted a plasticity limit analysis on an ultra 
thin circular plate anchor with “no breakaway” condition. Exact solutions 
where the upper bound solutions are equal to the lower bound solutions 
corresponding to 12.42cN = for smooth anchors and 13.11cN = for rough 
anchors are obtained. 
 
However, the lower bound solution may overestimate the anchor capacity in 
some circumstances since the soil was treated as a rigid plastic material with 
an infinitely large elastic modulus. 
 
2.2.5 Large deformation finite element analysis 
With the advancement of numerical technique recently, both two-dimensional 
(2D) and three-dimensional (3D) Remeshing and Interpolation Technique with 
Small Strain (RITSS) approach were applied by Song et al. (2008) and Wang 
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et al. (2010) to investigate the behavior of plate anchors. The RITSS approach 
falls under the category of Arbitrary Lagrangian Eulerial (ALE) method. 
 
Song et al. (2005a; 2006; 2008) conducted  2D numerical study to investigate 
vertical pullout behavior for strip anchor and circular anchor in uniform and 
normally consolidated clay. They found that the roughness of plate had little 
influence on the bearing capacity of strip anchor, but the capacity of a circular 
plate anchor is affected by the surface roughness. The pullout capacity of the 
smooth circular plate anchor is about 4% lower than a rough circular anchor. 
 
The study by Wang et al. (2010) represents a major advancement in that it is 
the first large deformation 3-D finite element analysis being performed to 
study the behavior of plate anchor.  They arrived at the same conclusion as 
Merifield et al. (2003) that the anchor roughness has a minimal effect on the 
capacity. They found that the capacity of the plate anchor depends on the 
rigidity of the soil and the soil displacement to mobilize the maximum 
capacity will reduce with the increase of soil rigidity. Moreover, the anchor 
capacity factor decreases with increasing anchor aspect ratio as shown in 
Figure 2.3. A rectangular anchor with / 6L B > can be treated as a strip anchor 
for “no breakaway” case. Besides, the overburden stress would not affect 
anchor capacity for “no breakaway” case but should be taken into account for 
“immediate breakaway” case. 
 
The RITSS method is a form of Arbitrary Lagrangian Eulerian method. A 
series of small strain Lagrangian calculations are conducted in each 
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incremental step and the field variable such as stresses and material properties 
are interpolated from the old mesh to the new mesh. The element stiffness 
matrices are based on small-strain formulation. The accuracy of the method is 
dependent on the remeshing frequency and the increment for each small strain 
Lagrangian analysis step.  
  
However, all the above studies considered the anchor as “wished-in-place”, 
and the effect of suction caisson installation process on the short-term capacity 
is not considered. A three-dimensional large displacement finite element 
simulation is necessary to take into account the influence of the installation 
effect on the short-term capacity. The Eulerian finite element analysis is 
applied to solve such a problem.  
 
2.3 SEPLA keying process 
After being pushed in place by the follower, the SEPLA will be pulled and 
rotated to the direction perpendicular to the load direction to achieve the 
maximum capacity. This process is referred to as “keying”. 
 
There are two effects during the anchor keying process.  First, the anchor will 
experience lose of embedment depth as the anchor rotates. Second, the soil in 
the vicinity of the anchor will be remoulded (Randolph et al., 2005). The 
reduction of soil strength by remoulding may recover in due course through 
consolidation, but the loss of embedment is crucial. As offshore clay deposits 
generally exhibit increasing strength profile with depth, any loss of 
embedment will correspond to a loss of potential anchor capacity. 
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Several researchers have conducted studies on the effect of keying process. 
The loss of embedment depends on the geometry of the plate especially the 
padeye eccentricity, the property of the soil, angle of loading as well as the 
weight of the SEPLA (Song et al., 2009). The overall range of embedment loss 
is 0.25-2.5 times the anchor width ( B ) (Foray et al., 2005 and O’Loughlin et 
al., 2006), which results in significant uncertainty in the prediction of ultimate 
anchor capacity. 
 
2.3.1 NAVFAC (2012) 
The Naval Facilities Engineering Command Handbook for Marine 
Geotechnical Engineering (NAVFAC 2012) recommended the loss of 
embedment during anchor keying as 2B for cohesive soil and 1.5B for 
cohesionless soil.  
 
2.3.2 DNV (2002) 
The DNV (2002) code recommended the loss of embedment depth as 0.4-0.8 
and 0.8-1.6 times the anchor equivalent width for plate anchor with a keying 
flap and without a keying flap, respectively. 
 
2.3.3 Wilde et al. (2001) 
From the quarter-scale offshore field test, Wilde et al. (2001) reported that the 
penetration loss during keying was close to 1 to 1.5 times anchor width for a 




2.3.4 Song et al. (2005b; 2006; 2009) 
 Song et al. (2005b) conducted numerical study and established that the loss of 
embedment is 0.6 times the anchor width for a vertical pullout and 0.25 times 
the anchor width for a 45° pullout with / 0.625e B =  in uniform strength clay 
for strip anchor. The 2D finite element analysis and centrifuge tests 
investigated by Song et al. (2006) show a loss of embedment of 0.65B  for a 
vertical pullout and 0.33B  for a 60° pullout for square anchors with 
/ 0.625e B = .  
 
Song et al. (2009) conducted both 2D large deformation finite element 
analysis and transparent soil centrifuge test for strip plate anchor to investigate 
the factors affecting the loss of embedment during keying process. The anchor 
loading system is shown in Figure 2.4. 
The total horizontal force HF is given as    
                                    cos cosH aF F fθ β= +                                             (2.6)                         
The total vertical force VF is given as        
                      
sin sin     for   F 0






θ β′− − >
=  <
                          (2.7)  
and the total moment M is given as   
sin[ (90 )] sin      for   0
=
0                                                                for   0 
a f a wFe fe W e MM
M
θ β β′− − − − >
 <
                       (2.8)  
where F  is the pullout force, f  is the shank resistance; aθ is the angle of 
force F  at the padeye to the horizontal; β is the plate anchor inclination to the 
horizontal; aW ′ is the difference between the anchor weight in air and the 
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anchor buoyancy force in soil; e  is the loading eccentricity; fe is the anchor 
shank resistance eccentricity and we is the anchor shank weight eccentricity. 
 
Load control is applied in this study. The anchor location and chain profile is 
updated after each load increment. aθ is initially set as 90°, and continuously 
updated according to Equations 2.6,  2.7 and 2.8 until it reaches the ultimate 
bearing capacity. The non-homogeneity of soil profile shows minimal effect 
on the anchor keying process, although the anchor in NC clay rotates slightly 
easier than in uniform clay. The anchor padeye eccentricity plays a major role 
in anchor keying process. The loss of anchor embedment during keying 
decreases with increasing anchor padeye eccentricity. The loss of embedment 
ratio reduces from 1.6 to 0.4 when anchor eccentricity ratio increases from 0.3 
to 1.0 for vertical pullout and the loss of embedment ratio stays at 0.25 when 
the anchor eccentricity ratio reaches 1.5 or higher. They also found that for 
anchor with e / 0.5B > , the roughness effect is minimal. For anchor with
e / 0.5B ≤ , it is harder for the rotation of rough anchor and thus has a greater 
loss of embedment compared to the smooth one. However, the difference is 
not significant as shown in Figure 2.5. Additionally, the loss of anchor 
embedment decreases with decreasing soil strength. The loss of anchor 
embedment also decreases with increasing anchor thickness ratio ( /t B , t  is 
the thickness of the fluke) and the anchor submerged unit weight. 
 
Combining the effects due to anchor geometry, submerged unit weight and 
shank effect, the loss of embedment as expressed by Song et al. (2009)  for 
lower bound as 
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and for upper bound as 
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                                   (2.10)  
where z∆ is the loss of embedment during keying; B  is the width of the strip 
anchor; e  is the loading eccentricity; t  is the anchor thickness; A  is the area 
of the plate anchor; us  is the undrained shear strength at the depth of anchor 
embedment; 0M is the initial moment corresponding to zero net vertical load 
on the anchor and can be expressed as  
                                    0 ( )a f a wM f W e fe W e′ ′= + − +                                 (2.11)  
A linear relationship between the loss in anchor embedment and the anchor 
pullout angle is observed and the effect of anchor pullout inclination can be 
expressed as follow: 
                                               z k C
B θ θ
θ∆ = +                                             (2.12)                     
where kθ is the gradient ( kθ =0.005 degree for all anchors); θ is the anchor 
pullout angle in degree; Cθ is constant which varies with anchor geometry. 
 
2.3.5 Gaudin et al. (2006a; 2006b; 2008; 2009; 2010) and O’Loughlin et 
al. (2006) 
From 2006 to 2010, Gaudin and O’Loughlin of University of Western 
Australia conducted centrifuge tests to study the mechanism of keying process 




Gaudin et al. (2006a; 2006b) performed beam centrifuge tests in kaolin clay 
on square anchors with eccentricity ratio / 0.66e B = . They found that the loss 
of embedment is 1.3 to 1.5B  for jack-in installation and 0.9 to 1.3B  for 
suction installation when the pull out direction is 45°. Gaudin et al. (2006a; 
2006b) concluded that the lower loss of embedment for jack-in anchor during 
keying was caused by the soil disturbance during suction installation. A linear 
relationship was also observed between the loading angle and the loss of 
embedment. 
 
The drum centrifuge tests conducted by O’Loughlin et al. (2006) for square 
and rectangular plate anchors in custom fabricated plane strain chambers 
showed a strong dependency between the loss of embedment and loading 
eccentricity /e B , where e  is the normal distance from the padeye to the fluke 
and B  is the short length of the plate anchor shown in Figure 2.6. In this 
experiment, the embedment depth is equal to 3 times the anchor width and is 
classified as deeply embedded. For a large eccentricity ratio / 1e B ≥ , they 
found that the loss in anchor embedment is not greater than 0.1B . For a small 
eccentricity ratio / 1e B ≤ , the loss in anchor embedment increases linearly 
from 0.1B  at / 1e B =  to 1.5B at / 0.17e B = . 
 
Gaudin et al. (2008; 2009) extended the analysis performed by O’Loughlin et 
al. (2006) by investigating the influence of load inclination on the loss of 
embedment during keying process. From Particle Image Velocimetry (PIV) 
analysis of the images taken during the tests, they observed that the plate 
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anchor experienced a significant rotation before experiencing some vertical 
displacement for a high eccentricity ratio while the plate anchor experienced 
some loss of embedment during rotation for lower eccentricity ratio as shown 
in Figure 2.7. The load inclination effect is shown in Figure 2.8. Revealing the 
loss of embedment during keying is independent of load inclination and 
limited to 0.1 times the anchor width for an eccentricity ratio of 1. The loss of 
embedment increases with loading inclination from 0.25 times anchor width 
for a loading inclination equal to or lower than 45° to 1.15 times anchor width 
for a loading inclination equal to or higher than 90° for an eccentricity ratio of 
0.25. 
 
Gaudin et al. (2010) summarized that the loss of embedment as a function of 
anchor eccentricity, anchor thickness, submerged weight and soil properties. 
They extended Song’s study (Song et al., 2009) by including the load 
inclination factor. The combined effect for the loss of embedment during 
keying is given as 












     
                              
    (2.13) 
where β  is the load inclination angle while the other terms are the same as in 
Equations 2.9 and 2.10. This equation seems to fit the experiment results for 
anchor with and without keying flap as shown in Figure 2.9. 
 
2.3.6 Yu et al. (2009) 
3-D Remeshing and Interpolation Technique with Small Strain (RITSS) large 
deformation finite element analysis using the finite element program AFENA 
35 
 
was conducted to simulate the keying process for strip and square plate anchor. 
The effects of loading eccentricity, loading direction, and anchor geometry on 
the loss of embedment during anchor keying were investigated. “No 
breakaway” condition and rough interface were considered. Displacement 
control is applied in this analysis. A rigid bar element was used to simulate a 
segment of the anchor chain as presented in Figure 2.10. One end of the rigid 
bar was pin-connected with the anchor padeye and the displacement increment 
was applied on the other endpoint of the rigid bar. The rigid bar would be 
regenerated to make sure that the pullout force on the anchor padeye was 
always in the vertical direction after each remeshing step.  
 
They found that square anchors encountered higher capacity and loss of 
embedment than strip anchors. The shape factors (square/strip) were in the 
range of 1.05-1.09 for loss of embedment and 1.10-1.19 for loss of capacity. 
The effect of pullout angle has a minimal effect on the ultimate capacity of 
square and strip anchors. 
 
2.3.7 Wang et al. (2011)  
Wang et al. (2011) conducted numerical study using 3D RITSS implemented 
in the finite element package ABAQUS to investigate the keying process of 
plate anchor. In their study the SEPLA was “wished-in-place” in a vertical 
orientation in the soil, and forced to rotate by the chain. The anchor shank was 
not included in the model and the anchor is treated as rough with “no 
breakaway” condition. The authors updated the loading angle at the anchor 
padeye according the chain profile based on Neubecker and Randolph (1995). 
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F e Qdzµ θ θ θθθ µ θµ
−− + =
+ ∫                    (2.14)  
                                                            nQ E d q= ⋅ ⋅                                    (2.15)  
where µ is the chain-soil frictional coefficient, commonly taken as 0.1 to 0.3; 
θ is the angle formed by the chain to the horizontal; F  is the magnitude of 
pulling force at the padeye; z  is the soil depth where the chain is embedded; 
H is the current embedment depth of the padeye; Q represents the pulling 
resistance offered by the surrounding soil; nE  is a multiplier giving the 
effective chain width in the direction normal to the chain; d  is the chain 
diameter and q  is the bearing pressure. However, the authors did not consider 
the effect of the mooring chain cutting through the soil. 
 
Parametric studies in terms of anchor geometry, soil properties, loading 
eccentricity and inclination were carried out. The authors found that the loss of 
embedment decreases with increasing aspect ratio and anchor thickness. The 
soil rigidity has minimal effect on the keying process of SEPLA. The ultimate 
loss of embedment increases with soil strength at the initial anchor embedment 
depth. In addition, the loss of embedment decreases dramatically with 
increasing eccentricity ratio for / 0.5e B <  and continues to reduce gradually 
for / 0.5e B < . The chain profile also affects the loss of embedment during 
keying. Reducing the angle of pulling can effectively reduce the loss of 
embedment. Although the RITSS method can avoid mesh distortion problem, 
it is still based on the small strain theory and the accuracy of the results 




2.3.8 Yang et al. (2012) and Cassidy et al. (2012) 
Both Yang et al. (2012) and Cassidy et al. (2012) proposed theoretical model 
to analyze the behavior of SEPLAs during the keying process. They all based 
on the assumption of rigid-plastic material obeying an associated flow rule. 
The kinematics of the anchor is determined solely from a yield surface since 
the plastic potential is identical to the yield surface for associated flow. Yang 
et al. (2012) focus on predicting the loss of embedment depth. The effects of 
soil resistance on the shank and anchor interaction with the anchor chain, 
anchor flap are also considered. The overall effect of the chain is to increase 
the loss of embedment depth during keying, although the chain friction 
improves the overall anchor capacity. It was also found that the predicted 
ultimate capacity achieved by the SEPLA with a flap is higher than that 
without a flap. Cassidy et al. (2012) focus on developing of a plasticity model 
to predict the trajectory and capacity from the vertical into a position of no 
further rotation. The model has been written in Fortran 90 and named CASPA. 
The model is computational efficiency compared with large deformation finite 
element analysis. The plasticity model under predict the loss of embedment 
measured in the centrifuge experiment due to the disturbance of soil during 
installation and keying process.  
 
2.4 SEPLA under combined loading  
Anchors for mooring systems are usually designed for anchor line loads within 
the plane of the anchor shank. As such, it is critical when one or more of the 
mooring lines fail as the anchor will be subjected to combined loading 
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condition by both force and bending moment. It is important to assess the 
behavior of SEPLA under this combined loading condition. 
 
The earliest study for drag anchor under combined loading condition is by 
O’Neill et al. (2003). The anchor was wished-in-place and a 2D plane strain 
finite element method was adopted. Associated plastic failure locus for both 
rectangular and wedge shape drag anchor were presented as 




max 1 max 1 max 1
1
q m n pV V M M H Hf
V V M M H H
      − − −
 = − + +     − − −       
                 (2.16) 
where maxV , maxM and maxH  are the maximum load values, 1V , 1M and 1H  are 
the offset load values  and 1m , n , 1p and 1q are the interaction factors. 
 
Elkhatib (2006) also presented the results to characterize yield envelopes in 
VHM space for both strip and square plate anchors. Only three degrees of 
freedom are considered in their study and they focus on the difference of 
VHM locus between different thickness ratio ( /B t ) and interface friction 
conditions. The difference in smooth and rough conditions is more 
pronounced for the thicker plate due to the larger sliding area at the plate ends. 
 
More rigorous studies for the plate anchor under out-of-plane loading were 
conducted by Gilbert et al. (2009) and Yang et al. (2010). Both 3D finite 
element study and upper bound plastic limit analyses were adopted to 
investigate the behavior of square and rectangular plate (with length/width=2) 
anchor under six degrees of freedom of loading (three force components and 
three moment components). In their study, the soil was assumed as uniform 
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and fully bonded to the plate anchor. The plate is assumed as ultra thin with 
zero thickness. The yield locus equation for plate anchor under out-of-plane 
loading is presented as: 
1/ 1
1 1 2 1
1 2
max 1max 2max max max
1
psq m m n k
n s
n s
F FM M Tf
F M M F T
             = + + + + −          
             
(2.17) 
where nF  is the force component applied normal to the plate; sF is the force 
component applied parallel to the plate; 1M and 2M are the bending moment 
and T is the torsion; 1q , 1m , 2m , n , 1k , s and 1p are interaction factors.  
 
However, a SEPLA would experience the keying process before it withstands 
the general loading condition. The keying process will soften the soil near the 
SEPLA and results in a smaller capacity. As all the previous studies for plate 
anchor under combined loading condition were based on wished-in-place 
horizontal plate anchor in uniform soil, more research is needed to assess the 
SEPLA behavior under general loading condition after the keying process and 
take into account the effect of soil remolding. 
 
2.5 Summary 
As reviewed in the above sections, most of the studies for the uplift capacity 
of SEPLA focused on the uniform soil. No rigorous numerical study has been 
done to investigate the behavior of SEPLA in nonhomogeneous clay. 
Although keying process of SEPLA has been studied in recent years, limited 
research has been performed to investigate the degree of soil strength 




In view of the above, it is proposed that 3D Eulerian large deformation, large 
strain finite element analyses to be conducted to study the uplift capacity of 
plate anchor in both uniform clay and nonhomogeneous clay, the keying 
process of SEPLAs, the effect of installation process as well as behavior of 
SEPLA under general loading condition in subsequent chapters. Factors 
affecting the loss of embedment and resistance force during keying process 




Figure 2.1 Conditions of cavity expansion (Yu, 2000) 
 
 




Figure 2.3 Capacity factor versus aspect ratio (Wang et al., 2010) 
 
 





Figure 2.5 Interface roughness effect on anchor keying (vertical pullout) 
(Song et al., 2009) 
 
 
Figure 2.6 Geometrical notation of plate anchor (O'Loughlin et al., 2006) 
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(a) The eccentricity ratio e/B=1 
 
 
(b) The eccentricity ratio e/B=0.25 






Figure 2.8 Loss of embedment during keying (Gaudin et al., 2008) 
 
 
Figure 2.9 Loss of embedment of anchors featuring keying flap (Gaudin et 

















Chapter 3 Finite Element Method 
3.1 Introduction 
As compared to experimental investigations, limited numerical simulations 
have been carried out to study the behavior of SEPLA. The numerical analysis 
of keying process and continuous pull out of SEPLA is a fundamentally 
challenging problem due to large deformation, nonlinear soil behavior and 
complex contact condition. Numerical problems due to element distortions 
limit the applicability of a Lagrangian description of motion when modeling 
large deformation processes. Recently Tho et al. (2012a; 2012b) have 
successfully applied the large deformation Eulerian finite element technique to 
investigate the load-penetration behavior of jack-up spudcan foundations in 
soft clay and static embedment of pipelines in offshore seabed. Qiu et al. 
(2011) also conducted the Eulerian finite element analysis to analyze 
geotechnical problems involving large deformation. Hence, the Coupling 
Eulerian-Lagrangian algorithm in ABAQUS is a viable alternative for 
analyzing large deformation problems. In this chapter, the numerical model for 
the analysis of the SEPLA is discussed. 
 
3.2 Finite element formulations 
Lagrangian formulation, Arbitrary Lagrangian Eulerian (ALE) formulation 
and Eulerian formulation are three element-based formulations in the finite 
element method to describe the material deformation. The differences between 
the three methods are explained in Figure 3.1. Smooth Particle 
48 
 
Hydrodynamics (SPH), which is a mesh-free method, can also be applied for 
the large deformation problem. 
 
3.2.1 Lagrangian formulation 
In the Lagrangian finite element method, the material is coincident with the 
finite element mesh, and it distorts and moves with the material flow. The 
material remains within its initial mesh definition with no transportation of 
material across elements. Therefore, the material interfaces and free surfaces 
can be accurately defined and the material stress histories can be tracked easily 
in the Lagrangian domain.  
 
For large deformation case, numerical problems may arise in the Lagrangian 
model due to element distortion and grid tangling. Various methods can be 
applied to overcome the severe element distortion in the Lagrangian 
formulation such as re-zoning or erosion (Schwer and Day, 1991). 
 
The re-zoning method is normally applied for moderate element distortion 
cases with an implicit solution scheme. It works by mapping the solution 
variables from the current distorted grid onto a more regular new grid. The 
new mesh can have different number and configuration of nodes and elements 
with the original mesh. The re-zoning method tends to introduce errors 
because the algorithm will attempt to maintain a global energy balance with 
the old grid during mapping, and may thus destroy the local energy 




The erosion algorithm is usually applied for severe element distortion cases to 
remove failed elements from the calculation when one or more pre-defined 
failure/erosion criteria are satisfied. The erosion criteria are normally taken as 
the limit of effective plastic strain, maximum principal strain, shear strain or 
pressure on the material. The erosion criteria are difficult to be determined and 
are often selected based on comparable studies or experience. Another 
disadvantage of the erosion method is that when elements are removed from 
the calculation, the mass and strain energy are also removed, giving non-
physical results. 
 
3.2.2 Arbitrary Lagrangian Eulerian (ALE) formulation 
The ALE formulation is an extension of the Lagrangian formulation and is 
used to perform automatic re-zoning on the mesh. An additional advection 
step is employed to transfer the solution variables from the original mesh to 
the new mesh. The advection step re-zones incrementally by moving the 
positions of the nodes at a small fraction of the characteristic lengths of the 
surrounding elements (ABAQUS, 2010). In the ALE formulation, free 
surfaces and material interfaces are still strictly treated as Lagrangian. The 
new mesh in the advection step is usually obtained by moving the nodes of the 
original mesh without altering the element connectivity.  
 
In the Remeshing and Interpolation Technique with Small Strain (RITSS) 
approach, which falls under the category of ALE method (Hu and Randolph, 
1998), the displacement of an element is divided into a series of incremental 
steps which is small enough to avoid severe element distortion. After each 
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small strain calculation, the deformed geometry is updated and remeshed, 
followed by mapping field quantities such as stresses and material parameters 
from the old mesh to the integration points of the new mesh (Hu and Randolph, 
1998; Wang et al., 2010). For 2D analysis, the superconvergent patch recovery 
(SPR) and modified unique element method (MUEM) are adopted for the 
advection of the field variables (Hu and Randolph, 1998, 2002; Wang et al., 
2010). For 3D analysis, the method of recovery by equilibrium in patches 
(REP) is applied to map history-dependent variables (Wang et al., 2010). The 
sequence of the small strain increment, remeshing, and mapping is repeated 
until the required displacement is reached. The accuracy of this method 
depends critically on the remeshing and interpolation frequency. 
 
Although the ALE formulation can reduce and even eliminate the need for 
Lagrangian re-zoning, it cannot replace the Eulerian formulation involving 
extremely large deformation and multi-material flow problems. The ALE 
formulation is normally selected for moderate element distortion cases. 
 
3.2.3 Smooth Particle Hydrodynamics (SPH) 
SPH (Smooth Particle Hydrodynamics) is a mesh-free Lagrangian method that 
is used extensively in the modeling of hydrodynamic flow of material. The 
state of a system is represented by a set of particles in the SPH formulation, 
which possesses individual material properties and move according to the 
governing conservation equations. Due to the adaptive nature of the SPH 
approximation, it can easily handle problems involving large deformation. 
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One of the early applications of SPH method for geo-material has been 
developed by Ha et al. (2008) to study the soil-structure interaction problem. 
In their work, the soil has been modeled by the Drucker-Prager model and the 
concrete structure has been assumed as elastic-perfectly-plastic isotropic 
material using the Von-Misses yield criterion. The SPH method is 
computationally more costly and have tensile instability problem. 
 
3.2.4 Eulerian formulation 
In the Eulerian formulation, the mesh is completely fixed in space while the 
material is allowed to move independent of the mesh from element to element. 
Consequently, mesh distortion does not occur despite the material undergoing 
large deformation.  As such, this technique is suitable to solve problems 
involving large deformation such as those encountered during the continuous 
pull-out of plate anchor. The Eulerian time incrementation algorithm is based 
on an operator split of the governing equations, resulting in a traditional 
Lagrangian phase followed by an Eulerian phase (ABAQUS, 2010). 
 
The Eulerian formulation is powerful for analyses in which elements are 
expected to be severely distorted and erosion algorithm is not available or 
inadequate. Two numerical procedures are used in the Eulerian formulation. 
As with the case of Arbitrary Lagrangian Eulerian (ALE) technique, a 
standard large deformation explicit Lagrangian finite element analysis is 
conducted in the first step. However, in contrast to ALE technique, there is no 
requirement to obtain a new improved mesh since the original mesh is always 
the frame of reference. In the second step which is an Eulerian step, advection 
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is performed where the solution variables (such as stress, strain, etc) are 
mapped from the deformed mesh back to the original mesh. This is termed as 
“Lagrange-plus-remap”. The Eulerian technique is normally implemented with 
an explicit solution scheme. 
 
A major distinguishing feature of the Eulerian technique as compared to 
traditional Lagrangian and ALE technique is that the Eulerian technique 
supports multiple materials (including voids) within a single element whereas 
each element can only be filled with one type of material in the traditional 
Lagrangian and ALE technique. The element can be partially filled or empty. 
The Eulerian material boundary must be computed during each time increment 
and generally does not correspond to an element boundary (Benson, 1992). 
 
The Coupled Eulerian-Lagrangian (CEL) analysis is conducted through 
Eulerian-Lagrangian contact which is based on an enhanced immersed 
boundary method. In this method, the Lagrangian structure occupies void 
regions inside the Eulerian mesh and the contact algorithm automatically 
computes and tracks the interface between the Lagrangian structure and the 
Eulerian materials by enforcing the constraint that the Eulerian material cannot 
flow past the Lagrangian surface into the void regions. The Eulerian-
Lagrangian contact constraints are enforced using a penalty method 
(ABAQUS, 2010).  
 
However, the Eulerian finite element method has its inherent limitation. Since 
the boundary nodes and the material boundary in Eulerian finite element may 
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not coincide, it is more difficult for the Eulerian formulation to track the free 
surfaces, material interfaces, and history dependent material behavior as 
compared to the Lagrangian formulation. A very fine mesh is usually required 
to obtain accurate representation of the free surfaces. Additionally, only one 
value of the user input shear yield stress is allowed and cannot be changed 
along soil depth. This will be further discussed in Chapter 6. 
 
3.3 Numerical model 
A three-dimensional finite element model is necessary to investigate the 
behavior of SEPLA which typically consists of a rectangular fluke with shank 
and keying flap. Conventional small displacement small strain analysis may 
encounter numerical problem due to the large deformation of soil during the 
keying process of SEPLA as well as the continuous pullout process. Hence, 




When this study first started, the latest version of Abaqus then available was 
the version 6.10. ABAQUS/Explicit is a finite element computer program 
which uses explicit time integration for time stepping to solve highly non-
linear transient dynamic phenomena. This software uses a central difference 
rule to integrate the equations of motion explicitly through time. It uses the 
kinematic conditions at one increment to compute the kinematic conditions at 
the next increment (ABAQUS, 2010). At the beginning of an increment, the 
program solves the dynamic equilibrium equation 
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                                      i i iM u F I⋅ = −                                             (3.1)          
where M is the mass matrix, 
            iF  is the external applied forces, 
            iI  is the internal element forces, and 
            iu is the acceleration 
By assuming constant acceleration, the change in velocity can be calculated 
from the integration of accelerations through time using the central difference 
rule. 




t tu u u−
+ −
∆ + ∆
= +  
                                
  (3.2)
     
                                                   
 
Similarly, the velocities are assumed to be constant during the current 
increment and are integrated through time to get the change in displacement. 
                                      1 1
2
i i i i
u u t u+
+
= + ∆ 
                                     
  (3.3)
      
                                                               
 
The procedure of the explicit dynamics algorithm is given below: 
(1) Nodal calculation 
(a) Solve the dynamic equilibrium equation 
                                          1( )i i iu M F I−= −                (3.4)                                                                  
         (b) Integrate explicitly over time 






t tu u u−
+ −
∆ + ∆
= +  
                      (3.5)    
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+
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                      (3.6) 
 (2) Element calculation 
(a) Calculate element strain increment 
(b) Calculate stress from constitutive equation 
(c) Calculate node internal force  
(3) Set i+1 to i and return to step (1) 
 
3.3.2 The material model 
In the field, the SEPLA will be pulled and rotated immediately after the 
extraction of the suction caisson (Wilde et al., 2001). This current study 
focuses on the short-term behaviour of the SEPLA. Due to the low 
permeability of clays, the installation and keying of SEPLAs can be simulated 
as undrained condition. In this study, the soil is modeled as an elastic-perfectly 
plastic material obeying Tresca failure criterion, which can be expressed as 
                                            1 3 u=2sσ σ−                    (3.7)         
where 1σ is the maximum principal stress, 
           3σ is the minimum principal stress, and 
           us is the soil undrained shear strength. 
The Tresca failure criterion can be represented in the principal stress space as 
the surface of a prism with a hexagonal cross-section, centered on the 
hydrostatic axis (Figure 3.2). Poisson’s ratio is taken as 0.495 to approximate 




3.3.3 The soil sensitivity 
The soil sensitivity is defined as the ratio of the undisturbed undrained shear 
strength to the remoulded undrained shear strength 




=                       (3.8)                                                                   
where tS  is the soil sensitivity, 
          us is the undrained strength in the remoulded soil, and 
          0us  is the undrained strength in the undisturbed soil. 
The strength degradation defined in this study is assumed to depend on the 
accumulated absolute shear strain (Einav and Randolph, 2005) as 
                                    
953 /
0[ (1 ) ]u rem rem us e s
ξ ξδ δ −= + −
                    
  (3.9)  
where remδ is the fully remoulded strength ratio (the inverse of the sensitivity). 
Typical sensitivity value ranges from 2 to 5 for marine clays and 2 to 2.8 for 
reconstituted kaolin clay used in centrifuge tests (Hossain and Randolph, 
2009),
 
ξ is the cumulative shear strain and 95ξ controls the ductility of the material, 
which represents the cumulative shear strain required to achieve 95% 
remoulding. Typical value of 95ξ ranges from 10-50 (Einav and Randolph, 
2005). 
 
3.4 Eulerian finite element model 
As the Eulerian finite element model falls within the frame work of the 
dynamic explicit scheme, the selection of model domain and element size as 
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well as the loading rate affects the accuracy of the analysis. In this section, an 
example is provided to illustrate the effects of domain size, mesh size and 
loading rate in the Coupled Eulerian-Lagrangian finite element analysis.  
 
A square plate anchor in weightless soil with a “wished-in-place” 
configuration is considered. The width (B) of the anchor is 0.5m and a plate 
thickness to width ratio of 0.05 is adopted. The initial plate anchor embedment 
ratio is / 5H B =  ( H  is embedment depth of the plate anchor). The clay has a 
uniform undrained shear strength su of 20 kPa, soil rigidity index E/su of 500 
(E is undrained Young’s modulus) and a Poisson’s ratio of 0.495. The Tresca 
yield criterion with an associated flow rule is adopted in the present study. A 
frictionless tangential contact condition is adopted in the present study. Owing 
to uncertainty of the suction force underneath the plate anchor as pointed out 
by Merifield et al. (2003), the “immediate breakaway” case is implemented 
whereby the stresses below the anchor reduce to zero once the anchor 
separates from the underlying soil. This assumption results in a conservative 
anchor uplift resistance.  
 
By taking advantage of the existence of two perpendicular planes of symmetry, 
only one quarter of the anchor and soil domain needs to be considered in this 
study as shown in Figure 3.3. Symmetrical boundary conditions are imposed 
on the two planes of symmetry by prescribing zero flow velocity normal to 
these planes. The base of the finite element model is constrained against flow 




The plate anchor is modeled as a discrete rigid solid part and meshed with 8-
noded Lagrangian brick elements.  The soil domain consists of 8-noded 
Eulerian brick elements.  In the Eulerian domain, a void layer is defined above 
the mudline with a “void” material of zero strength and stiffness. The purpose 
of the void layer is to allow the soil to heave and flow into the empty Eulerian 
elements during subsequent stages of the analysis.  
 
3.4.1 Domain convergence study 
The sensitivity to far-field boundary effects is investigated by considering five 
different domain sizes given in Table 3.1(a). The uplift load-displacement 
responses are shown in Figure 3.4(a). Based on the anchor ultimate resistance 
Fu identified in Figure 3.4(a), the anchor capacity factor Nc (=Fu /(Asu)) for 
each domain size can be determined and shown in Table 3.1(a). From Table 
3.1(a), a smaller soil domain will result a under prediction of the plate anchor 
capacity. Additionally, the results indicate that a domain size of 4B×2H is 
sufficiently large to simulate a semi-infinite half space for the case of 
E/su=500. The slight oscillation observed for the normalized load-
displacement curves is due to the coarse mesh employed in these analyses. 
 
3.4.2 Mesh convergence study 
Wang et al. (2010) reported that the relatively coarse mesh used in their study 
to improve computational efficiency resulted in slight overestimation of the 
capacity factor.  In the present study, a mesh convergence study is performed 
to show the effect of mesh density and to identify a suitable mesh density that 
gives sufficiently accurate results.  The parameters for different finite element 
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meshes are summarized in Table 3.1(b) and the finite element results are 
presented in Figure 3.4(b). Mesh 2 with a minimum element size of 0.025m 
(i.e. 0.05B ) is considered sufficiently fine in term of accuracy and is adopted 
for all subsequent analyses. The results also highlight the importance of 
performing a systematic mesh convergence study, without which the plate 
anchor uplift capacity could be overestimated.  
 
3.4.3 Pullout rate convergence study 
The pullout process of a plate anchor is essentially quasi-static in nature while 
the Eulerian analysis is formulated in the framework of dynamic explicit 
solution scheme instead of static implicit framework. In order to achieve a 
balance between matching quasi-static state as closely as possible and at the 
same time reducing the computational time, a parametric study was carried out 
to investigate the effect of pullout rate. Three pullout rates of 0.01m/s, 0.04m/s 
and 0.16m/s are considered. Since the stable time increment of the analysis is 
independent of the pullout rates, the total computational time is approximately 
proportional to the inverse of anchor pullout rate. The load-displacement 
curves are illustrated in Fugure 3.4(c). It can be observed that the load-
displacement curves corresponding to a pullout rate of 0.16m/s is erratic and 
predicts slightly higher capacity while the curves corresponding to the pullout 
rates of 0.04m/s and 0.01m/s are practically identical.  Hence, the pullout rate 





In this chapter, the different finite element formulations are briefly explained. 
In order to simulate the whole installation process of SEPLA and investigate 
the short-term behaviour of SEPLA, Eulerian large deformation analysis with 
total stress undrained analysis is found to be the most viable technique for this 





Table 3.1 Convengence studies for domain size and mesh 




Domain Size Minimum Mesh  













Domain 1 2B 2H 0.05 43200 3.3 9.3 
Domain 2 2B 3H 0.05 63200 4 9.3 
Domain 3 4B 2H 0.05 170400 9.5 11.6 
Domain 4 4B 3H 0.05 250400 13 11.6 
Domain 5 6B 2H 0.05 386000 18 11.6 
 
 
















Mesh 1 0.05 10 170400 9.5 11.6 
Mesh 2 0.025 20 415800 18.5 10.2 
Mesh 3 0.0125 40 2490800 82 10.1 
 
Note: Intel I7-2600 processor with 12G memory, 64 bit Windows 7 system, 
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Figure 3.3 Schematic of the quarter model for pullout capacity of square 





(a) Soil domain size convergence study  
 
 
(b) Mesh convergence study 
 
 
(c) Pullout rate study 
Figure 3.4 Uplift load (F) versus normalized displacement (w/B) curves 
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Chapter 4 Pullout Behaviour of Square Plate Anchor in 
Uniform Clay 
4.1 Introduction 
The uplift capacity of a plate anchor is of fundamental importance for both 
onshore (Das, 1980) and offshore (Brown et al., 2010) applications. The uplift 
behavior of plate anchors has been investigated by numerous researchers (for 
example Vesic (1971); Das (1978, 1980); Rowe (1978); Rowe and Davis 
(1982); Das and Singh (1994); Yu (2000); Martin and Randolph (2001); 
Merifield et al. (2001; 2003); Song et al. (2008); Wang et al. (2010); Yang et 
al. (2010)) by means of model tests, analytical solutions, finite element 
simulations and plasticity limit analyses. With recent significant advancement 
in numerical techniques, both two-dimensional and three-dimensional large 
deformation finite element simulations based on Remeshing and Interpolation 
Technique with Small Strain (RITSS) approach were applied by Song et al. 
(2008) and Wang et al. (2010) to investigate the behavior of plate anchors. 
Yang et al. (2010) have also presented results for capacity of plate anchor in 
clay based on small strain, three-dimensional Lagrangian finite element 
analyses. 
 
A survey of the current state-of-the-art reveals that several areas of uplift 
anchor capacity in clay need further investigations. These include (1) whether 
the plate uplift capacity for a soil with self-weight can be computed as the sum 
of the soil overburden pressure and the corresponding capacity in a weightless 
soil subject to a constant limiting value as postulated by earlier researchers, (2) 
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the soil and anchor behavior during the entire pullout process, and (3) whether 
the soil rigidity would affect the magnitude of ultimate uplift capacity. To 
investigate these issues, Eulerian-based large deformation finite element 
technique is employed in this chapter to examine the uplift behavior of plate 
anchors under different combinations of geometric and material configurations 
in uniform clay.  
 
4.2 Eulerian finite element model 
As details of the Eulerian technique have been presented in Chapter 3, only the 
salient points of the technique is presented here. This technique is suitable to 
solve problems involving very large deformation such as those encountered 
during the continuous pull-out of plate anchor.  
 
Square/rectangular geometries are more commonly adopted for offshore push-
in type plate anchors such as Suction Embedded Plate Anchors (SEPLA).  
While an axisymmetric idealization is exact for a circular plate anchor, 
rigorous analysis of square/rectangular anchor geometries necessitates the 
adoption of a three-dimensional framework.  The three-dimensional Coupled 
Eulerian-Lagrangian analysis technique in Abaqus/Explicit is employed for 
this large deformation analysis.  
 
The schematic of the Eulerian finite element model as well as the domain, 
mesh and pullout rate study have been done in Chapter 3. The Tresca yield 
criterion with an associated flow rule is also adopted in this chapter. Following 
the approach by Song et al. (2008) and Wang et al. (2010), the geostatic stress 
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is generated by taking K0=1 for cases in which the soil self-weight is 
considered. Merifield et al. (2003) and Wang et al. (2010) reported that the 
effect of anchor roughness is negligible on the uplift anchor capacity. 
Consequently, a frictionless tangential contact and “immediate breakaway” 




The validity of the present Eulerian large deformation analysis is verified by 
comparing the results with those obtained by Wang et al. (2010) based on a 
large deformation numerical technique known as the RITSS method.  Wang et 
al. (2010) reported the load-displacement curve for a circular plate anchor 
embedded in weightless soil at an embedment depth of 4 times anchor 
diameter obtained based on 2-D axisymmetric RITSS implementations in 
ABAQUS and AFENA.  As the Eulerian analysis feature in ABAQUS is only 
available in a three-dimensional modeling space, a three-dimensional finite 
element model adopting the same configuration and soil parameter as those 
reported by Wang et al. (2010) are carried out. The configuration and 
geometry of the finite element model is shown in Figure 4.1. Owing to 
symmetry, only 1/8 of the circular plate anchor and soil are considered in this 
verification study. The diameter of the circular plate D is 0.5m and the 
thickness ratio D/t=20. The uniform clay with undrained shear strength 
su=20kPa is adopted in this analysis and the soil rigidity index E/su is kept as 
500. The selection of domain size, mesh density and pullout rate follow that of 
the earlier work in Section 3.4. The radius of the model is 4D and the height of 
the model is 2H. The minimum mesh 0.0125m×0.025m is adopted near the 
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vicinity of the circular plate. The uplift load F is normalized as F/(Asu) where 
A is the plan area of the anchor. The normalized uplift load-displacement 
curve is plotted together with the results from the RITSS method in Figure 4.2. 
It is apparent that the results from the current 3-D Eulerian large deformation 
finite element analysis agree well with those reported by Wang et al. (2010) 
for a circular anchor.  
 
4.3  Comparison of current results and other approaches 
The capacity factor for square plate anchors in weightless soil at different 
anchor embedment ratios (=embedment depth/anchor width) computed by the 
large deformation Eulerian finite element analysis are presented in Figure 4.3 
together with the results reported by other researchers. The results from the 
current Eulerian large deformation analyses agree well with the results 
presented by Wang et al. (2010) who employed the RITSS technique.  For 
anchor embedment ratio H/B<4, the DNV (2002) approach predicts a higher 
capacity factor while the other methods produce consistent results. Das (1980) 
reported a critical capacity factor of 9 at H/B>6 based on small scale model 
test results.  This is lower than the maximum capacity factor of 10.8 obtained 
in both the current Eulerian large deformation analyses as well as the earlier 
work by Wang et al. (2010). 
 
The large deformation analyses, both in the current study as well as those by 
Wang et al. (2010), predict a lower capacity factor than the lower bound limit 
analysis of Merified et al. (2003) and the cavity expansion theory by Yu (2000) 
when H/B > 4. As pointed out by Wang et al. (2010), a larger displacement is 
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needed to mobilize the maximum capacity for deep embedded anchor and this 
change in geometric configuration is not captured in both small strain analysis 
and limit analysis resulting in over-prediction of capacity factors. The higher 
capacity factor predicted by Merifield et al. (2003) may also be attributed to 
the inherent assumption that the soil is a rigid plastic material with an infinite 
elastic modulus in the lower bound limit analysis. 
 
4.4  Influence of soil overburden 
The majority of earlier work on the uplift capacity of plate anchor follows the 
classical path of deriving the solution for a weightless soil and then extending 
this solution to soil with self-weight by superimposing the soil overburden 
pressure subject to a limiting value on the anchor capacity factor. 
 
Vesic (1971) postulated that there should be a critical overburden beyond 
which the plate anchors behave as deep anchors and the capacity factor 
remains constant. Rowe (1978) indicated that the capacity factor is a function 
of the overburden pressure which can be expressed in terms of dimensionless 
parameter / uH sγ . Das and Singh (1994) proposed that the uplift capacity in a 
real soil with self-weight can be computed as the sum of the soil overburden 
pressure and the corresponding capacity in a weightless soil.  
 
Merifield et al. (2003) subsequently proposed that the sum of the soil 
overburden pressure and the corresponding capacity in a weightless soil 
should not exceed a limiting value of 11.9 for a square anchor. The capacity 
factor cN γ  for soil with unit weightγ can be expressed as: 
71 
 





= + ≤                              (4.1)                   
where coN is the capacity factor for weightless soil. Wang et al. (2010) 
proposed a different approach to incorporate the effect of soil self-weight and 
postulated that there exists a critical separation depth beyond which the soil 
will not separate from the bottom of the plate anchor even though the 
“immediate breakaway” condition is imposed.  They proposed that the 
capacity factor has a limiting value of 14.2 and noted that for embedment 
depth shallower than the critical separation depth, the uplift capacity should be 
determined according to the “immediate breakaway” condition without 
explicitly providing the methodology to carry out the computation. 
 
In the present study, the influence of soil self-weight is systematically 
investigated by performing parametric studies in which the dimensionless 
overburden ratio / uH sγ  is varied over a range of 0 to 10 for different anchor 
embedment ratios.  The special case of / 0uH sγ =  represents an idealized 
weightless soil condition.  The summary of results from a large number of 
simulations with E/su=500 are illustrated in Figure 4.4.   It can be observed 
that the ultimate anchor capacity increases almost linearly with / uH sγ  up to a 
limiting value of 13.1.  For shallow embedment ratios (H/B=1, 2, 3), the 
gradient of the curves is close to 1 and this is consistent with Equation (4.1) 
proposed by Merifield et al. (2003).  However, for greater embedment ratios 
(H/B>3), the gradient of the curves is less than 1. This implies that the 
adoption of Equation (4.1) would lead to an over-estimation of anchor uplift 




The limiting value of the capacity factor incorporating the effect of soil self-
weight for the current study is 13.1, which is 9% higher than the value of 11.9 
reported by Merifield et al. (2003) and 8% lower than the value of 14.2 
reported by Wang et al. (2010). Considering that the value proposed by 
Merifield et al. (2003) is based on a lower bound limit analysis, it seems 
plausible that the limiting value of capacity factor will be under-estimated.  On 
the other hand, the limiting value of 14.2 obtained by Wang et al. (2010) is 
based on a rough square plate anchor and they noted that the capacity factor 
could be slightly overestimated due to the relatively coarse mesh used in their 
study to reduce computational time.  
 
For the range of parameters (H/B=1 to 7 and / uH sγ =0 to 10) considered in 
this study, three distinct failure mechanisms are observed.  The first failure 
mechanism, denoted as Type A, is illustrated in Figure 4.5(a).  Type A is a 
general shear failure mechanism characterized by the failure plane extending 
from the edge of the anchor to the ground surface and surface heave being 
apparent.  Figure 4.5(b) illustrates the Type B mechanism representing the 
conventional full-flow mechanism.  As noted by Wang et al. (2010), the soil 
can remain in contact with the bottom face of the anchor when the soil 
overburden pressure is high enough to force the soil flow against the bottom of 
the plate despite the adoption of “immediate breakaway” contact interface 
which does not permit any tensile stress to develop between the plate and the 
surrounding soil.  In such a case, the bottom contact interface is compressive 
in nature rather than tensile as in the case of “no breakaway” condition.   Type 
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A and B mechanisms have been described in great detail by earlier researchers 
(Vesic (1971); Rowe and Davis (1982); Yu (2000); Martin and Randolph 
(2001); Merifield et al. (2001; 2003); Song et al. (2008); Wang et al. (2010)). 
 
In this study, a third mechanism denoted as Type C (Figure 4.5(c)) is 
identified.  Similar to Type B mechanism, Type C mechanism is also localized 
in nature.  However, in contrast to Type B mechanism, the soil underneath the 
plate separate from the plate and a cavity is formed. Although the soil flows 
around the edge of the plate anchor for this type of failure mechanism, the full 
flow mechanism is not mobilized due to insufficient driving force from the 
soil overburden pressure.  The Type C mechanism is operative under certain 
combinations of H/B and / uH sγ . 
 
Figure 4.6 shows the evolution of failure mechanism with increase of 
overburden ratio / uH sγ .  For a shallow embedded anchor (Figure 4.6(a)), 
there is a transition from Type A to Type C followed by Type B failure 
mechanism with increasing value of / uH sγ .  For the case of / 1uH sγ = , Type 
A failure mechanism in the form of wedge failure is apparent. On the other 
hand, for the case of / 8uH sγ = , Type B failure mechanism is clearly 
operative owing to the absence of both surface soil heave and separation 
between the anchor base and the underlying soil. For the intermediate case of 
/ 6uH sγ = , although the soil flows around the edge of the plate, / uH sγ  is 
not high enough to mobilize the full flow mechanism.  A gap between the soil 
and bottom of the plate can be observed and this is the key characteristic of 
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Type C mechanism. Figure 4.6(b) shows the evolution of failure mechanism 
for a deep embedded anchor (H/B=6).  For / 8uH sγ < , Type C failure 
mechanism is always operative.  However, the size and shape of the cavity 
beneath the plate is different for various / uH sγ . The capacity factor 
corresponding to Type C mechanism is not a unique value but varies with the 
soil rigidity and overburden ratio. 
 
It is important to note that Type B mechanism is inadmissible for weightless 
soil ( / 0uH sγ = ) under the “immediate breakaway” contact condition 
regardless of the value of H/B.  Hence, Type A and C mechanisms are the only 
two admissible failure modes in a weightless soil with such contact condition.  
Therefore, great caution should be exercised in following the classical 
approach of first deriving the solution for a hypothetical weightless soil case 
and then extending that solution to a real soil with self-weight.  If such 
classical approach were to be followed, it would have been necessary to 
extend the solution for a weightless soil with “no breakaway” contact 
condition to the case of a soil with self-weight under “immediate breakaway” 
condition similar to the approach by Wang et al. (2010).  
 
4.5 Load-displacement curve during pullout process of plate anchor  
By leveraging on the capability of the Eulerian large deformation analysis, the 
change in anchor load from its initial embedment depth to the ground surface 
during the entire pullout process can be obtained. Anchors with embedment 
ratio H/B ranging from 1 to 8 are studied. For ease of comparison of results, 
the current anchor depth below ground surface is plotted in Figure 4.7. For 
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example, the initial anchor embedment for H/B=8 is at a depth of 8B below the 
ground surface and the anchor is gradually pulled upward until it reaches the 
ground surface. It is evident that a large percentage of the ultimate anchor 
capacity is mobilized at very small vertical displacement.  The normalized 
uplift load-depth below ground surface curves for all the cases are shown in 
Figures 4.7(a) and (b) for / 0uH sγ =  (i.e. weightless soil) and / 8uH sγ = , 
respectively.   
 
It is interesting to note from Figure 4.7(a) that for weightless soil without 
considering soil overburden, the normalized uplift load versus depth below 
ground surface responses share the same envelope when H/B>3. The pullout 
resistance for cases when H/B>5 starts to decrease at about H/B=4.5 and this is 
consistent with the recommendation of DNV (2002) that anchors with 
H/B>4.5 should be considered as deep embedded anchor involving a deep 
localized failure mechanism. For a deep embedded anchor, the pullout 
resistance reaches a plateau before dropping gradually with decreasing depth 
below ground surface. The anchor capacity factor increases with H/B until a 
critical embedment ratio H/B=6 is reached. Beyond this critical embedment 
ratio, the capacity factor remains constant at 10.8 due to mobilization of the 
localized plastic soil flow in the vicinity of the plate anchor. For shallow 
embedded anchors with H/B<3, the normalized uplift load is smaller than 
those corresponding to greater embedment ratios. This is due to the fact that 
Type C mechanism involves soil heave extending to the ground surface. Thus 
at the same depth below the ground surface, the area of the shear plane for an 
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anchor with initial embedment ratio of H/B=7 (Fig. 4.7(b)) is larger than that 
for an anchor with H/B=2 (Fig. 4.7(a)).  
 
For soil with overburden ratio / 8uH sγ = , Figure 4.7(b) reveals that the 
capacity factor for H/B>1 remains the same at 13.1. With a higher overburden 
ratio, the ultimate resistance of the plate anchor is obtained at a very small 
displacement and remains constant for a large uplift distance. Only when a 
shallow embedment depth is reached, the anchor resistance then begins to drop. 
This is attributed to the transition from Type B to Type C mechanism and 
finally Type A mechanism at shallow embedment depth. When the Type B 
mechanism is operative, the capacity factor remains constant at 13.1 regardless 
of embedment ratio and overburden ratio. 
 
4.6 Influence of soil rigidity 
The effect of soil rigidity index (E/su) on the anchor capacity has not been 
extensively investigated by previous researchers. Wang et al. (2010) is among 
the first to investigate the effect of soil rigidity index for square plate anchor 
and concluded that the maximum capacity for square and circular plate 
anchors increases with soil rigidity index.  However, the results of Wang et al. 
(2010) also exhibit a somewhat unexpected characteristic in that the 
normalized pullout resistance corresponding to different soil rigidity index 
converges to the same curve with further displacement.  Further discussion on 
the comparison of the results in this study and those reported by Wang et al. 




The soil rigidity index is typically in the range of 200 to 1000 (Atkinson, 
2000).  For a typical foundation bearing capacity problem, it is well accepted 
that the rigidity index has negligible influence on the foundation bearing 
capacity. While it appears intuitive to extend this understanding to anchor 
uplift capacity, it is prudent and of fundamental importance to investigate the 
influence of soil rigidity index on uplift capacity through a systematic 
numerical parametric study.  
 
As expounded in the earlier sections, there exist three different failure 
mechanisms for a plate anchor subject to uplift.  In order to investigate the 
effect of soil rigidity, it is necessary to consider its influence on each of these 
three mechanisms. The cases of (H/B=2, / 0uH sγ = ), (H/B=7, / 8uH sγ = ) 
and (H/B=7, / 0uH sγ = ) are chosen to represent Type A, B and C 
mechanisms respectively.  For each of these combinations, four different E/su 
of 200, 500, 2000 and 10000 are considered.  A rigidity index of 200 is 
considered as the lower bound.  Although a rigidity index of 10000 is outside 
the practical range for soil, it is nevertheless selected to represent the 
behaviour of a rigid plastic material implicitly considered in the lower bound 
limit analysis such as those by Merifield et al. (2003).  
 
Considering that the wave velocity in the soil would increase with soil rigidity 
in an explicit finite element analysis, the requirement on the size of the soil 
domain to approximate a semi-infinite half-space needs to be reassessed for a 
larger soil rigidity.  Soil domain size study is carried out as described in 
Chapter 3 and the results are shown in Figure 4.9. It is found that a domain 
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size of 6B×2H is sufficiently large when E/su=10000 and H/B≤7. The larger 
domain 6B×2H is adopted in the following studies when the soil rigidity is 
larger than 500. 
 
The combined influence of soil rigidity and pulling rate are studied and the 
results are presented in Figure 4.10.  It is found that the evolution of uplift 
resistance with upward displacement for various pulling rates is practically 
independent of the value of soil rigidity index for 500≤E/su≤10000.  Hence, 
the pulling rate of 0.04m/s is deemed sufficiently slow to approximate quasi-
static condition.  
 
Figures 4.11(a) and (b) show that the capacity of a square anchor 
corresponding to Type A and B mechanisms is indeed independent of E/su.  
This is consistent with the current understanding that anchor uplift capacity is 
insensitive to the value E/su.  However, it is interesting to note from Figure 
4.11(c) that not only the displacement to mobilize the maximum resistance is 
different but the plate anchor capacity increases with increasing soil rigidity. 
As the pullout progresses, the load-displacement curves of different soil 
rigidity eventually merge to the same line at a normalized depth of 
approximately 3.5.  This observation can be attributed to the transition from 
Type C failure mechanism to Type A mechanism which is insensitive to the 
value of E/su. The capacity factor for anchor embedment ratio of H/B=7 
increases from 10.8 for E/su=500 to 11.3 for E/su=2000. It increases further to 
a value of 12.1 when E/su=10000.  Furthermore, as soil rigidity increases, the 
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anchor displacement required to mobilize the maximum capacity reduces and 
the transition from Type C to Type A mechanism occurs at a greater depth. 
 
It is interesting to note from Figure 4.11(c) that the anchor capacity factor 
corresponding to E/su=10000 agrees very well with that proposed by 
Merrifield et al. (2003) based on lower bound limit analysis assuming a rigid 
plastic soil.  The inverse of E/su is proportional to the elastic strain at the onset 
of yielding.  Therefore, E/su=10000 approximates a rigid plastic condition due 
to negligible magnitude of elastic strain at the onset of yielding and this could 
explain the good agreement of results between those presented by Merifield et 
al. (2003) and those obtained in the current study based on E/su=10000. 
  
Wang et al. (2010) investigated the effect of soil rigidity index for square plate 
anchor at H/B=6 by considering E/su values of 500, 2000, 5000 and 10000.  
The normalized load-displacement curves reported by Wang et al. (2010) for 
E/su of 2000 and 5000 are reproduced in Figure 4.12 together with the results 
from the current study based on the same configurations.  It can be observed 
that the normalized uplift resistance presented by Wang et al. (2010) decreases 
to the same constant value after reaching a peak value for both E/su=2000 and 
5000.  This observation is surprising in that the uplift resistance when Type C 
mechanism is operative is found in the current study (Figures 4.7(a) and 4.10) 
to remain constant at the ultimate value until the transition to Type A 
mechanism.  On the other hand, if Type A mechanism were to be operative, 
the normalized uplift resistance should decrease monotonically with increasing 
uplift displacement.  It is unclear what causes the peak normalized resistance 
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followed by a plateau at 10% lower normalized resistance as reported by 
Wang et al. (2010).  In addition, the observation that a larger displacement is 
required to fully mobilize the ultimate capacity as compared to that reported 
by Wang et al. (2010) could be due to the adoption of smooth anchor in the 
current study as opposed to rough anchor analyzed by Wang et al. (2010).      
 
For a particular combination of / uH sγ  and H/B, it is known that the capacity 
factor increases with increasing E/su. The capacity factors based on E/su=200 
for a wide range of / uH sγ  and H/B are presented in Figure 4.13(a).  This 
figure can be used to obtain a conservative estimate of capacity factor 
considering that E/su for real soil typically falls between 200 and 1000 
(Atkinson, 2000).  In combination with the capacity factors corresponding to 
E/su=500, a conservative estimate of the capacity factor can be obtained by 
referring to Figure 4.4 with corresponding E/su value less than that of the 
actual soil.  For selected cases of H/B=1, 3 and 7, the capacity factors 
corresponding to E/su=200 and 500 are plotted together in Figure 4.13(b) for 
direct comparison.  When H/B is equal to 1, the capacity factors for both soil 
rigidity indices are identical as the Type A mechanism is insensitive to the soil 
rigidity.  In contrast, for H/B=3 and 7, the capacity factors for E/su=500 is 
always higher than that for E/su=200 when / uH sγ <6.  Under such 
combination, the Type C mechanism which is sensitive to the soil rigidity, is 
operative.  When / uH sγ >6, the capacity factors for both soil rigidity are 
again identical due to mobilization of Type B mechanism which is insensitive 




The dependency of capacity factor, Nc on H/B and / uH sγ  is illustrated in 
Figures 4.14(a) and (b) for E/su=200 and E/su=500, respectively.  It can be 
observed that the ultimate anchor capacity increases almost linearly with 
/ uH sγ  up to a limiting value. At the limiting value, Type B localized plastic 
flow mechanism is fully operative. 
 
In the cavity expansion theory (Yu, 2000), there exists a limiting internal 
pressure for the expansion of a spherical cavity from zero radius to a finite 
radius in an infinite medium.  This limiting pressure is given by 







= + +  
−   
                 (4.2)                                     
where 2 uY s= for Tresca yield criterion and 0p  is the sum of the surcharge and 
overburden pressure. 
 
For a weightless soil under undrained condition, v=0.5 and 0 0p = , the 
capacity factor can be expressed as 
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                     (4.3)                                          
When cavity expansion theory is applied to a deep bearing capacity problem 
such as end bearing capacity of piles, Gibson (1950) proposed that there 
should be an additional shear stress component given by 1 usα  ( 1=0.0 1.0α − ) 
due to shear stress mobilized at the interface between rigid soil wedge and 
surrounding plastic soil.  
 
With that, the capacity factor can be expressed as  
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                       (4.4)                                       
Equation (4.4) can be reasonably applied for comparison with the current 
Eulerian large deformation finite element analysis. It can be observed from 
Figure 4.15 that the capacity factors obtained based on both Eulerian large 
deformation analysis and cavity expansion theory for deep bearing capacity 
problem (Equation (4.4)) increase with soil rigidity index.  The gradient for 
the deep anchor problem is about 0.58 which is smaller than 1.33 for the deep 
bearing capacity problem.  
Owing to difference between the shape of a square anchor and a spherical 
cavity in the cavity expansion theory, differences in the values of the capacity 
factors shown in Figure 4.15 are to be expected.  More importantly, the trend 
of the ultimate uplift capacity of a deep embedment anchor increases with 
increasing E/su as observed in the Eulerian finite element simulations is 
consistent with Equation (4.4) derived based on cavity expansion analogy. 
 
4.7 Conclusion 
A numerical study employing three-dimensional large strain large deformation 
Eulerian finite element analyses is performed to investigate the vertical uplift 
capacity of a square plate in uniform clay with particular emphasis on the soil 
failure mechanism during the pullout process for both weightless soil and soil 
with self-weight. 
 
Three types of failure mechanism are observed during the pull out process 
with the “immediately breakaway” contact condition. Type A is the 
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conventional general failure mechanism characterized by upward soil flow to 
the surface. Type B is a localized full flow mechanism which is similar to the 
failure mechanism under “no breakaway” condition.  With Type B failure, the 
soil beneath the plate maintains contact with the plate and no soil heave is 
observed.  Type C is a partially localized flow mechanism. Although the soil 
flows around the edge of the plate, the soil overburden is not high enough to 
form a full flow mechanism and a cavity below the plate can be observed.  
Type A and B mechanism have been discussed in detail in existing literature.  
However, the Type C mechanism is identified in this study having important 
implications on the influence of soil rigidity. 
 
The effect of soil rigidity on the uplift capacity of a square plate anchor is 
negligible for both Type A and B failure mechanisms.  However, for Type C 
mechanism, it is found that not just the displacement to mobilize the ultimate 
resistance but also the magnitude of the ultimate uplift capacity is affected by 
the soil rigidity index. The anchor capacity factor is found to increase with 
increasing value of soil rigidity index for Type C mechanism. In addition, the 
soil rigidity index will affect the size of numerical domain required to 
approximate the far-field condition. A larger domain size is needed when 
modeling a soil with higher soil rigidity.  
 
For a weightless soil, the failure mechanism changes from Type A failure 
mechanism to Type C with increasing embedment depth. The capacity factor 
will increase with embedment depth until Type C failure mechanism is 




For a soil with self-weight, the type of operative failure mechanism is a 
function of normalized embedment depth (H/B) and overburden ratio 
( / uH sγ ).  When / 8uH sγ ≥  and H/B≥2, Type B full flow mechanism is 
always operative and the corresponding capacity factor of 13.1 is independent 
of soil rigidity index and normalized embedment depth. When / 8uH sγ < or 
H/B<2, Type C mechanism is operative and the corresponding capacity factor 
is a function of E/su, / uH sγ and H/B.  The charts provided in this paper for 
E/su=200 and 500 can be utilized to determine the corresponding capacity 
factor under different combinations of / uH sγ  and H/B.    
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Figure 4.2 Normalized uplift load (F) versus displacement (w) responses 
for circular anchors in weightless soil (Anchor diameter D=0.5m, 
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Figure 4.3 Capacity factors Nc obtained from different methods for 
anchors with different embedment ratio in weightless soil (H is the anchor 
embedment depth, B is the width of the plate anchor) 
 
 
Figure 4.4 Effect of overburden pressure for square anchors in uniform 
clay (E/su=500, γ is the clay unit weight, H is the plate embedment depth, 
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(a) Type A failure mechanism (H/B=2, / 0uH sγ = , anchor at 
displacement w/B=0.2) 
 
(b) Type B failure mechanism (H/B=7, / 8uH sγ = , anchor at 
displacement w/B=1) 
Ground surface 





(c) Type C failure mechanism (H/B=7, / 0uH sγ = , anchor at 
displacement w/B=1) 
 




1.5m below round surface 
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(b) H/B=6 at displacement w/B=0.4 (E/su=500) 
Figure 4.6 Failure mechanism for different overburden ratios  
/ 6uH sγ =  / 8uH sγ =  / 1uH sγ =  
/ 6uH sγ =
 
/ 8uH sγ =
 









(b) / 8uH sγ =  (Anchor width B=0.5m) 
Figure 4.7 Normalized load versis depth below ground surface/B curves 













































    
 (a) H/B=2 ( / 0uH sγ = )                                 (b) H/B=7 ( / 0uH sγ = ) 



































(a) H/B=5, E/su=2000 
 
 
(b) H/B=5, E/su=10000 









































(a) Effect of soil rigidity for type A failure mechanism (H/B=2, 




(b) Effect of soil rigidity index for Type B failure mechanism (H/B=7,

















































(c) Effect of soil rigidity for type C failure mechanism (H/B=7, 
/ 0uH sγ = ) 
Figure 4.11 Effect of soil rigidity index for different failure mechanisms  
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Figure 4.13  Effect of overburden pressure for square anchors in uniform 
clay. (a) Capacity factors corresponding to E/su=200 and (b) Capacity 




























































































































































































































Current Eulerian large deformation FE 
Cavity expansion theory (α=1) 
Nc=11.9 
 Merifield et al. (2003)  
Nc=12.4 Yu (2000) 
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Chapter 5 Pullout Behaviour of Plate Anchor in Clay with 
Linearly Increasing Shear Strength 
5.1 Introduction 
Majority of the existing studies focus on the uplift capacity of plate anchor in  
uniform clay (Merifield et al. 2001; Merifield et al. 2003; Song et al. 2008; 
Wang et al. 2010; Yang et al. 2010). However, for many offshore seabeds, the 
undrained shear strength profile is rarely uniform but can be reasonably well 
represented as varying linearly with depth such that  
                                                    ,0u us s kz= +                                  (5.1)                                 
where ,0us is the soil undrained shear strength at the mudline, k is the gradient 
of increase in us with depth z.  This type of soil profile is denoted as “linearly 
increasing strength profile” in the present study. 
 
At present, there are two possible approximate approaches to determine the 
uplift capacity of plate anchor in a linearly increasing strength profile.  The 
first approach is to extend the solution for strip anchor in a linearly increasing 
strength profile (Merifield et al. 2001) to square anchor through the adoption 
of shape factors derived for uniform soil (DNV 2002; Merifield et al. 2003). 
DNV (2002) recommended a constant shape factor with the value of 1.2 while 
Merifield et al. (2003) proposed shape factors varying from 1.64 to 1.77 
dependent on normalized embedment depths for uniform soil. The second 
approach extends the solution for uplift capacity of plate anchor in uniform 
clay to cases with nonhomogeneous strength profile by adopting a 
representative soil strength typically taken as the soil strength at the initial 
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anchor embedment depth (DNV 2002).   Owing to the unavailability of 
rigorous solutions for square anchor embedded in a linearly increasing 
strength profile, the validity and applicability of both approaches cannot be 
ascertained.  This chapter intends to address these uncertainties by first 
establishing the capacity factors for square anchor in linearly increasing 
strength profile using three-dimensional (3-D) large deformation finite 
element approach for different combinations of geometrical configurations and 
soil profiles.  After deriving the capacity factors for square anchors, the 
validity of both representative strength approach and shape factor approach are 
evaluated.   
 
Majority of earlier studies on the uplift capacity of plate anchor follows a 
classical path of deriving the solution for a weightless soil and then extending 
this solution to a soil with self-weight by direct addition of the soil overburden 
pressure to the uplift capacity.  Merifield et al. (2001, 2003) proposed that for 
strip anchor in uniform and inhomogeneous soil as well as square anchor in 
uniform soil, the summation of these two components should not exceed a 
limiting value.  The applicability of such an approach to the uplift of a square 
anchor is examined in this study by performing finite element simulations for 
both idealized weightless soil and real soil with self-weight. 
 
A direct design method for square plate anchor embedded in a linearly 
increasing strength profile is then proposed.  The proposed method enables the 
capacity factor for square anchor to be directly obtained without any 




5.2 Existing studies 
According to DNV (2002), the ultimate uplift resistance, Fu, for an anchor 
embedded in single clay layer is given by  
                     ,0( )u c c uF N s s kH Aη= ⋅ ⋅ ⋅ + ⋅                         (5.2)                                          
where Nc is the capacity factor taken to be the same as that for uniform clay, sc 
is the shape factor, η  is an empirical reduction factor to account for 
progressive failure and strength anisotropy, H is the embedment depth at the 
centre of plate anchor and A is the area of plate anchor. Equation 5.2 implies 
that the uplift resistance of a non-uniform soil can be derived from that of a 
uniform soil by simply taking the representative undrained shear strength to be 
that at the initial embedment depth of the plate anchor.  
 
Merifield et al. (2001) performed rigorous limit analysis to investigate the 
resistance of strip plate anchor embedded in soil with linearly increasing soil 
strength. Recognizing that the anchor capacity in a soil with such strength 
profile should be different from that in uniform soil, they proposed that the 
capacity factor for weightless soil with strength linearly increasing with depth 
Ncoρ as  
                               
,0




= + −                     (5.3)                                          
where =Aln(2 / )coN H B is the capacity factor for weightless soil in uniform 
clay (A is 2.56 for lower bound solution and 2.76 for upper bound solution)  
and B is anchor width.    With the aim of covering most problems of practical 
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interest, Merifield et al. (2001) considered the dimensionless ratio ,0/ ukB s  to 
vary between 0.1 and 1.0. 
The capacity factor for soil with self-weight is defined by Merifield et al. 
(2001) as  







= + = +  
 
                                   (5.4)  
where γ is the saturated unit weight of soil. It should be noted that the soil 
strength at the mudline is adopted as the reference soil strength. Merifield et al. 
(2001) also concluded that the ultimate resistance of a deep horizontal strip 
plate anchor is a function of the undrained shear strength at the anchor 
embedment level.  
                                         * ,0( )u ucF A N s kH= ⋅ +                             (5.5)  
where * 11.16cN =  is the ultimate capacity for strip plate anchor in uniform 
clay.  
 
Wang et al. (2007) conducted a 3-D RITSS (Remeshing and Interpolation 
Technique with Small Strain) analysis to study the behaviour of rectangular 
plate anchors in normally consolidated clay and concluded that the soil 
strength gradient showed no effect on anchor capacity in the range of 
/ 0.14k γ ′ =  to 0.43 under no breakaway condition.  Song et al. (2008) 
performed 2-D RITSS analysis to study the pullout capacity of circular plate 
anchor in normally consolidated clay. They concluded that the separation 
depth marks the transition from full soil-anchor attachment to breakaway of 
soil beneath the anchor once the normal stress reduces to zero under 
immediate breakaway condition. The anchor capacity in normally 
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consolidated clay is almost the same as that in uniform clay as the stronger soil 
at the initial embedment is trapped around the plate during pullout, particularly 
before separation occurs. 
 
As most of the plate anchors used in the offshore industry are rectangular or 
square in shape, plane strain idealization for such plate anchors will 
underestimate the capacity of these anchors due to the omission of the 
resistance contribution from two additional failure planes. Square plate anchor 
is selected for this study as it is an important limiting geometry although not 
strictly representative of many marine anchors used in practice.  The typical 
aspect ratio of a SEPLA is approximately two (Brown et al. 2010; Wilde et al. 
2001) and the pullout behavior is expected to be bounded between that of 
square and strip plate anchor. 
 
In order to derive the capacity factor, it is necessary to define the reference 
undrained shear strength.  In the earlier study by Merifield et al. (2001), the 
undrained shear strength at mudline ( ,0us ) was adopted as the reference 
strength.  In order to avoid complications when ,0us  is equal to zero, the 
undrained shear strength at the initial embedment depth of the anchor is 
chosen as the reference strength in this chapter and therefore the capacity 
factor is defined as  






                                   (5.6)
           




5.3 Geometry and parameters 
The parameters involved in this study are H, B, ,0us , k, and γ. Through the 
application of dimensional analysis, the parameters of influence can be 
grouped as  
                                     c
,0 ,0
( , , )
u u
H kB HN f




                          (5.7)                                                        
The first dimensionless group, H/B, is the anchor embedment ratio. The 
second dimensionless group, ,0/ ukB s , is the soil nonhomogeneity factor which 
has been adopted by Merifield et al. (2001) to study the uplift capacity of strip 
anchor and by Hossain and Randolph (2009) to investigate spudcan 
penetration amongst many others. In the present study, the validity of this 
factor is verified by changing the values of B, k and ,0us separately and 
confirming that the resulting capacity factor remains the same for a given 
value of ,0/ ukB s . The third dimensionless group, ,0/ ( )uH s kHγ + , is the soil 
overburden ratio which was first defined by Rowe (1978) as / uH sγ for a 
uniform soil.   
 
Having identified the appropriate dimensionless groups, it is imperative to 
select realistic soil parameters for subsequent parametric studies.  Poulos 
(1988) reported that typical undrained shear strength at seabed level ranges 
from 2 to 10 kPa, and the strength gradient k lies within the range of 0 to 2 
kPa/m in deep waters.  The saturated unit weight of soil typically varies 
between 13.5 and 21.5 kN/m3 (Hossain and Randolph 2009).  Brown et al. 
(2010) noted that the SEPLAs used for mobile offshore drilling units are 
usually solid steel plates with width ranging from 2.5m to 3.0m and length 
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from 6m to 7.3m.  For permanent anchors, the plate will typically be a double-
skin or hollow construction with 4.5m×10m in size (Wilde et al. 2001).  
Typical anchor embedment ratio H/B ranges from 4 to 10 (Gaudin et al. 
2006a).  In this study, a square plate anchor with width B=4m, thickness 
t=B/20 is considered.  Based on the range of parameters identified above, 
cases with H/B varying between 1 to 10 and ,0/ ukB s =0, 1, 2, 3, 4, 5, 10, ∞ are 
examined. Figure 5.1 illustrates the soil profiles corresponding to this range of 
nonhomogeneity factors.  For soil with self-weight, the capacity factor is 
found to increase with overburden pressure up to a critical value (Merifield et 
al. 2003; Wang et al. 2010).  Hence, the range of ,0/ ( )uH s kHγ +  varies 
between that corresponding to a weightless soil ( ,0/ ( ) 0uH s kHγ + = ) and a 
critical value which will be expounded in a later section.  Table 5.1 illustrates 
the 482 combinations of dimensionless parameters that have been analyzed in 
this study. 
  
The Coupled Eulerian-Lagrangian analysis technique in ABAQUS/Explicit, 
which is capable of simulating large strain large deformation problems in 
geotechnical engineering (Qiu et al. 2011; Tho et al. 2012a; 2012b), is 
employed in this chapter to study the pullout process of a square plate anchor.  
Details of the Eulerian technique have been presented in the above papers and 
Chapter 3. Smooth and immediate breakaway condition is prescribed for the 
interaction between the soil and the plate such that only compressive normal 
stresses are admissible at the contact interface.  To obtain a conservative 
solution, the rigidity index / 200uE s = (E is Young’s modulus of soil) is 
maintained for all the analysis unless otherwise stated.  The selection of 
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domain size, mesh density and pullout rate follows that of the earlier work in 
Chapter 3. 
 
The Tresca yield criterion with an associated flow rule is adopted in the 
present study. The Poisson’s ratio is set to 0.495 to simulate undrained 
condition.  Following the approach by Song et al. (2008) and Wang et al. 
(2010), the geostatic stress is generated by taking coefficient of earth pressure 
at rest K0=1 for cases in which the soil self-weight is considered. 
 
5.4 Implementation of linearly increasing strength profile in ABAQUS 
In a Lagrangian finite element simulation, a nonhomogeneous soil profile is 
typically generated in ABAQUS by assigning the undrained shear strength as 
a function of a field variable referenced to nodes in the model.  In an Eulerian 
analysis, this approach is no longer appropriate due to the fact that nodes in an 
Eulerian model are fixed in space throughout the analysis and do not follow 
the material movement.  In order to circumvent this deficiency, a proprietary 
user-defined subroutine is implemented in ABAQUS to ensure that the soil 
strength is updated with the material flow. In this case, the node variable is not 
only being assigned with the node coordinate but changed with the equivalent 
plastic strain. With this implementation, as a piece of soil moves from Point A 
to Point B, the reference strength is correctly taken to be that of Point A rather 





The validity of this implementation is verified against the solution for a strip 
plate anchor embedded in soil with linearly increasing strength by Merifield et 
al. (2001). As the Eulerian analysis feature in ABAQUS is only available in a 
three-dimensional modeling space, a three-dimensional finite element model 
with just one element layer in the out of plane direction is created to model the 
plane strain condition (Qiu et al. 2011; Tho et al. 2011). The parameters of the 
model are: width of plate B=4m, thickness of plate t=B/20=0.2m and 
nonhomogeneity factor ,0/ ukB s =0.1, 0.5 and 1.  The results for both 
/ 200uE s =  and 10000 are plotted as Ncoρ versus H/B in Figure 5.2, where 
Ncoρ is defined as per Equation 5.3. The results by Merifield et al. (2001) are 
also presented in the same figure for comparison. / 10000uE s =  approximates 
the same condition as that in the limit analysis in which the soil rigidity index 
is implicitly assumed to be infinite. 
 
The numerical results obtained in the present study for / 200uE s =  are 
practically identical to the lower bound limit analysis by Merifield et al. (2001) 
while the results for / 10000uE s =  predict a slightly higher Ncoρ (maximum 
deviation of 6%) for larger H/B cases. This slight over-prediction when 
compared to the results of Merifield et al. (2001) is to be expected considering 
that the solution by Merifield et al. (2001) is a lower bound solution.   
 
5.5 Effect of soil nonhomogeneity in weightless soil 
The influence of soil nonhomogeneity factor in a weightless soil is 
investigated in this section.  Two different embedment ratios (H/B=2 
representing a shallow embedded anchor and H/B=7 representing a deep 
107 
 
embedded anchor) are considered here to illustrate the differences in anchor 
behaviour in uniform and nonhomogeneous soils.  
For H/B=2, four different values of ,0/ ukB s  ranging from 0 to 3 are selected.  
In all cases, the soil undrained shear strengths at the anchor initial embedment 
position are identical. The characteristics of the models and the corresponding 
normalized uplift resistance versus anchor elevation plots during the 
continuous pullout process are illustrated in Figure 5.3. It is evident that the 
ultimate anchor capacity for a uniform soil ( ,0/ ukB s  = 0) is significantly 
higher than that of the nonhomogeneous soils. The ultimate anchor capacity is 
noted to decrease with increasing soil nonhomogeneity factor ,0/ ukB s . 
 
The soil flow mechanisms are shown in Figure 5.4. The general failure 
mechanism is operative for both values of ,0/ ukB s . However, the extent of the 
influence zone is different. For a nonhomogeneous soil, the inclination of the 
shear plane is steeper as compared to that of a uniform soil, see Figure 5.4.  
This can be attributed to the phenomenon that the failure plane tends to pass 
through a path with the least resistance.  
 
Two cases corresponding to H/B=7 with properties shown in Figure 5.5 are 
analyzed to investigate the influence of nonhomogeneity factor ( ,0/ ukB s ) for 
deep embedment anchors. The normalized uplift load-anchor elevation plots 
are shown in Figure 5.5. The maximum normalized uplift resistance for 
uniform soil ( ,0/ 0ukB s = ) is significantly higher than that of a 
nonhomogeneous soil.  For a uniform soil, a plateau is observed after the 
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maximum resistance is reached.  When the anchor reaches an elevation of 
approximately 4.5B below ground surface, the pullout resistance decreases due 
to transition from a deep plastic flow mechanism to a wedge type general 
failure mechanism. However, the pullout resistance for the nonhomogeneous 
soil decreases immediately after mobilizing the maximum anchor resistance 
without the plateau as observed for the case of a uniform soil. This is to be 
expected as the anchor moves into progressively weaker soil with additional 
upward movement.  It is also noted that the displacement required to mobilize 
the maximum resistance is larger for uniform soil as compared to 
nonhomogeneous soil. The displacement required to mobilize the maximum 
anchor resistance in uniform soil is about 1.84B while that for 
nonhomogeneous soil is 0.4B.  The instantaneous velocity vector plots, which 
provide indications of soil flow mechanisms, for a deep embedment anchor 
(H/B=7) in uniform and nonhomogeneous soil are shown in Figures 5.6(a) and 
5.6(b), respectively. For the case of uniform soil, a localized failure 
mechanism with partial soil backflow is observed.  This mechanism is denoted 
as Type C failure mechanism in Chapter 4.  On the other hand, for the 
nonhomogeneous soil with ,0/ 1ukB s = , the soil flow is directed upwards and 
no backflow is observed as illustrated in Figure 5.6(b). This pattern resembles 
a global wedge failure mechanism, which is denoted as Type A failure 
mechanism in Chapter 4.  As apparent from the soil undrained shear strength 
profile in Figure 5.7 for nonhomogeneous soil, a rigid wedge of stronger soil 
at the initial position of the plate is trapped above the plate during the pullout 
process despite the adoption of a smooth contact interface.  This fundamental 
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difference in mechanisms between a uniform soil and a linearly increasing 
strength profile has not been previously described in the literature. 
 
For the parametric study, ,0/ ukB s = 0, 1, 2, 3, 4, 5, 10 and ∞ are simulated. 
The extreme values of ,0/ 0ukB s = and ,0/ ukB s = ∞ represent soil with 
uniform undrained shear strength and zero undrained shear strength at the 
mudline, respectively.  The anchor embedment ratio H/B of 1 to 10 are 
considered. The capacity factors for various embedment depths with different 
soil nonhomogeneity factors in weightless soil are plotted in Figure 5.8. 
 
For a uniform soil, the capacity factor increases with embedment ratio until it 
reaches a limiting value of 10.8 at H/B=6. For nonhomogeneous soil, the 
capacity factor is observed to increase with normalized embedment depth but 
does not reach the limiting value of 10.8 even at a deep normalized 
embedment depth of H/B=10 (typical embedment depth for SEPLA ranges 
from 4 to 10). For the same H/B, the capacity factor is much smaller for 
nonhomogeneous soil as compared to that for uniform soil.  It is interesting to 
note that the capacity factor for ,0/ ukB s = ∞  is only slightly lower than that 
for ,0/ 1ukB s = . Hence, the capacity factor for ,0/ ukB s = ∞  can be taken as a 
conservative solution for square plate anchor embedded in nonhomogeneous 
clay. The relationship between capacity factor Nc and H/B is found to be well 
defined by  










（  ）       （ ）
                     (5.8)            
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5.5.1 Shape factor 
DNV (2002) recommended a shape factor of 1.2 for a square anchor without 
distinguishing whether it is for uniform or nonhomogeneous clays.  On the 
other hand, Merifield et al. (2003) proposed shape factors ranging from 1.64 to 
1.77 for different H/B ratio in uniform weightless soil. The shape factors from 
the present study for ,0/ 1ukB s =  and ,0/ ukB s = ∞  are plotted together with 
those from DNV (2002) and Merifield et al. (2003) in Figure 5.9.   
Interestingly, the shape factors obtained from the current study as well as the 
earlier study by Merifield et al. (2003) in uniform clay are significantly greater 
than the value of 1.2 recommended by DNV (2002) based on classical bearing 
capacity theory.  For H/B<5, the shape factors obtained in the current study for 
a linearly increasing strength profile is higher than those reported by Merifield 
et al. (2003) for uniform soil with a maximum deviation of up to 15%.  On the 
other hand, for H/B>5, the reverse trend is observed and the maximum 
deviation is approximately 7%.  Therefore, the estimation of capacity factor 
for a square plate anchor in a linearly increasing strength profile through the 
adoption of shape factors derived for a uniform soil could result in an error of 
up to 15%.   Furthermore, while the shape factors for ,0/ 1ukB s =  and 
,0/ ukB s = ∞  are found to exhibit the same trend, they differ in magnitude by 
up to 5%.  With the availability of direct results for different combinations of 
H/B and ,0/ 1ukB s =  (Figure 5.8) for a square plate anchor, the need to infer 
the capacity factor for square anchor based on the solution for strip anchor 




5.5.2 Displacement required to mobilize the maximum capacity 
An advantage of carrying out a large strain large deformation Eulerian finite 
element analysis over traditional limiting analysis is that the entire pullout 
process of the plate anchor can be simulated. The anchor will have to undergo 
a certain displacement before the maximum resistance can be mobilized 
(Figures 5.3 and 5.5). As illustrated in the previous section, ,0/ ukB s = ∞  can 
be taken as a conservative solution for square plate anchors embedded in 
nonhomogeneous clay. The displacement required to mobilize the ultimate 
resistance for a square plate anchor embedded in the nonhomogeneous clay 
with ,0/ ukB s = ∞  is shown in Figure 5.10 together with the results for a 
uniform soil ( ,0/ =0ukB s ).  In general, the displacement required to mobilize 
the maximum resistance increases with H/B.  For the same H/B, a plate anchor 
in uniform soil will require a larger displacement to mobilize the maximum 
resistance as compared to that in nonhomogeneous soil. This is to be expected 
owing to progressively weaker soil being encountered by the plate anchor with 
further upward displacement. 
 
5.6 Effect of soil overburden ratio 
The earlier sections discussed the uplift behavior of a square anchor in a 
weightless soil with linearly increasing strength profiles.  In this section, the 
effect of self-weight of soil is considered during the pullout process.  The soil 
overburden is expressed in a dimensionless form as ,0/ ( )uH s kHγ + . The 
capacity factors for various embedment ratios under different overburden 
pressures for ,0/ ukB s =0, 1 and ∞ are plotted in Figure 5.11.  For ,0/ 0ukB s =
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and 1, H/B of 1 to 7 are considered.  In the earlier section, the case of 
,0/ ukB s = ∞  has been identified as a conservative lower bound in term of 
uplift capacity and hence the corresponding range of H/B is extended up to 10.   
 
From Figure 5.11, the capacity factor is noted to increase with overburden 
pressure up to a limiting value of 13.1 which is identical to the limiting value 
for uniform soil in Chapter 4.  Interestingly, this limiting value is found to be 
independent of nonhomogeneity factor. The critical overburden ratio is 
determined to be 8 for H/B>2 and 10 for H/B=2.  Before this limiting value is 
reached, the capacity factor decreases with increasing magnitude of 
nonhomogeneity factor and this is consistent with the findings of previous 
section for a weightless soil.  
 
The majority of earlier work on the uplift capacity of plate anchor follows a 
classical path of deriving the solution for a weightless soil and then extending 
this solution to soil with self-weight by direct addition of the soil overburden 
pressure to the uplift capacity of weightless soil.  Merifield et al. (2001, 2003) 
proposed that for strip anchor in uniform and nonhomogeneous soil as well as 
square anchor in uniform soil, the summation of these two components should 
not exceed a limiting value.  The applicability of this approach, denoted as 
“direct summation up to limiting value” approach, is examined in Figure 5.12 
for different values of ,0/ ukB s .  The capacity factors based on the finite 
element results are taken as the reference solution.  The deviation is defined as 
[(capacity factor for direct summation up to limiting value approach – capacity 
factor based on current FE results) / (capacity factor based on current FE 
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results)] and expressed in percentage.  The “direct summation up to limiting 
value” approach is applied by adding the overburden ratio ,0( / ( ))uH s kHγ +  
to the capacity factors for weightless soil up to a limiting value of 13.1.  For a 
shallow embedment depth of H/B=2, the “direct summation up to limiting 
value” approach by Merifield et al. (2001, 2003) gives almost exact values as 
compared to the current finite element results.  This is due to the fact that the 
gradients of the curves for shallow embedment depths (Figure 5.11) are 
practically unity and hence agree perfectly with the solution of the 
approximate method.  On the other hand, for greater embedment depths, the 
maximum deviation is up to 15% and the deviation reaches a peak at different 
values of overburden ratio depending on nonhomogeneity factors.  This can be 
attributed to the fact that the gradients of the curves for deep embedment 
depths are always less than 1.  With the assumption of a gradient of 1 in the 
approximate method, the bearing capacity is always over-predicted up to the 
point where the limiting value is finally reached in the finite element results.  
Once the limiting value is reached, the approximate method will yield the 
exact solution. 
 
The soil flow mechanisms for weightless soil and soil with self-weight 
,0( / ( ) 8)uH s kHγ + =  at H/B=10 and ,0/ ukB s = ∞ are shown in Figure 5.13.  
For the case of weightless soil, the wedge failure mechanism is operative with 
upward soil flow to the ground surface and the soil beneath the plate separates 
from the bottom surface of the plate.   For the case of soil with high 
overburden pressure, the full-flow mechanism is operative and the soil still 
remains in contact with the plate even though the “immediate breakaway” 
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contact condition is prescribed in the model.   These observations are 
consistent with the findings of an earlier work on plate anchor in uniform soil 
in Chapter 4. 
 
In the present study, the uplift capacity is expressed as a general function of 
three dimensionless groups [H/B, kB/su,0 and ,0/ ( )uH s kHγ + ] and a total of 
482 3-D finite element simulations (Table 5.1) are performed to establish the 
characteristics of this general function.  With the availability of these 
numerical results, the following simple procedure to predict the capacity factor 
for a square plate anchor is proposed.  
1. Compute H/B, kB/su,0 and ,0/ ( )uH s kHγ +  based on the anchor 
geometry, embedment depth and soil property. 
2. For uniform soil, obtain the Nc factor directly from Figure 5.11(a) 
3. For soil with linearly increasing strength profile, obtain the Nc 
factor directly from Figure 5.11(c).  
With this approach, the effect of soil nonhomogeneity and self-weight are 
directly incorporated without the need to adopt further simplifying 
assumptions. 
 
5.7 Comparison with current industry practice  
As per current industry practice (API 2005, DNV 2002), the uplift resistance 
of a plate anchor in nonhomogeneous soil is inferred from that of uniform soil 
by adopting a representative undrained shear strength typically taken as the 
value at the initial embedment depth.  The applicability of this approach is 
investigated by computing the relative error across the entire range of 
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normalized embedment depth and overburden ratio for ,0/ 1ukB s =  and 
,0/ ukB s = ∞ .  The capacity factors for a uniform soil are derived from Chapter 
4 and the main purpose of this section is to quantify the effect of adopting the 
capacity factor of uniform soil together with the representative undrained 
shear strength taken at the anchor embedment depth.  The relative error is 
defined as [(uplift capacity based on current FE results – uplift capacity based 
on capacity factor of uniform soil adopting undrained shear at initial 
embedment depth) / (uplift capacity based on current FE results)] and 
expressed in percentage. 
 
The relative errors are presented as 3-D plots in Figure 5.14.  It is clear that 
this approach is not applicable across the entire range of parameters.  For large 
values of ,0/ ( )uH s kHγ + , the simplified approach works well and the relative 
error is less than 5%.  However, for other combinations of H/B and 
,0/ ( )uH s kHγ + , this approach will lead to over-prediction of the capacity 
with relative error as high as 70%. This observation can be attributed to the 
different types of failure mechanisms involved.  When the full-flow 
mechanism is operative at large values of ,0/ ( )uH s kHγ + , capacity factors 
for uniform and nonhomogeneous soils are identical.  The simplified approach 
is applicable for such cases when the full-flow mechanism is operative. 
However, when the failure mechanism is not of full-flow type, the simplified 
approach would always over-predict the uplift resistance.  Therefore, the 
solution of uniform soil cannot be readily extrapolated to nonhomogeneous 
soil across the entire range of parameters. 
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5.8 Conclusion  
The continuous pullout process of a square plate anchor embedded in a soil 
with linearly increasing strength profile is simulated using Eulerian large 
strain large deformation finite element technique.  In an idealized weightless 
soil, distinct differences in pullout behaviour are observed when compared to 
the corresponding case in soil with uniform strength.  For the same undrained 
shear strength at the initial embedment depth and the same embedment ratio, 
the uplift resistance of plate anchor is much lower in soil with linear 
increasing strength profile soil as compared that in uniform soil.  This can be 
attributed to differences in soil flow mechanisms in uniform soil and 
nonhomogeneous soil.  
 
When the effect of soil self-weight is taken into account, the limiting capacity 
factor for square plate anchor in soil with linearly increasing strength profile is 
identical to that for uniform soil at 13.1.  This occurs when the overburden 
ratio is large enough to force the soil to mobilize the full flow mechanism.  
 
Prior to this work, there are two approximate approaches to determine uplift 
capacity of plate anchor in linearly increasing soil strength profile.  The first 
approach is to extend the solution for strip anchor in linearly increasing 
strength profile (Merifield et al., 2001) to square anchor through the adoption 
of shape factors derived for uniform soil (DNV, 2002; Merifield et al. 2003).  
The second approach extends the solution for the uplift capacity of plate 
anchor in uniform clay to cases with nonhomogeneous strength profile by 
adopting a representative soil strength typically taken as the soil strength at the 
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initial anchor embedment depth (API 2005, DNV 2002).  With the availability 
of reference solutions from the results of 3-D finite element simulations 
covering a wide range of H/B, kB/su,0 and ,0/ ( )uH s kHγ + , it was found that 
both approaches suffer from the same drawback of yielding the correct 
solution only for certain combination of geometric and material parameters.   
The maximum errors are of the order of 15% and 70% for the first and second 
approaches, respectively. 
 
A method to predict the capacity factor for square anchor under different 
combinations of H/B, kB/su,0 and ,0/ ( )uH s kHγ +  is proposed in this study.  
With this approach, the effect of soil nonhomogeneity and self-weight are 





Table 5.1 Combinations of dimensionless groups for parametric studies 






1 1, 2, 3, 4, 5, 10, ∞ 0, 1, 2, 3, 4, 5, 6, 8, 10, 12 70 
482 
2 1, 2, 3, 4, 5, 10, ∞ 0, 1, 2, 3, 4, 5, 6, 8, 10, 12 70 
3 1, 2, 3, 4, 5, 10, ∞ 0, 1, 2, 3, 4, 5, 6, 8, 10 63 
4 1, 2, 3, 4, 5, 10, ∞ 0, 1, 2, 3, 4, 5, 6, 8, 10 63 
5 1, 2, 3, 4, 5, 10, ∞ 0, 1, 2, 3, 4, 5, 6, 8, 10 63 
6 1, 2, 3, 4, 5, 10, ∞ 0, 1, 2, 3, 4, 5, 6, 8, 10 63 
7 1, 2, 3, 4, 5, 10, ∞ 0, 1, 2, 3, 4, 5, 6, 8, 10 63 
8 ∞ 0, 1, 2, 3, 4, 5, 6, 8, 10 9 
9 ∞ 0, 1, 2, 3, 4, 5, 6, 8, 10 9 







Figure 5.1 Soil undrained shear strength profile 
 
 






Figure 5.3 Uplift load-normalized anchor elevation plots for H/B=2 
(B=4m)   
 
 









Figure 5.6 Comparison of failure mechanisms for H/B=7: (a) uniform soil 






Figure 5.7 Soil undrained shear strength contour for Model 2  
 
 
Figure 5.8 Capacity factors for various embedment ratios with different 





Figure 5.9 Variation of shape factor Sc versus H/B for square anchors 
( ,0/ 1ukB s = )  
 
 
Figure 5.10 Comparison of uplift displacements at ultimate anchor 









Figure 5.12 Comparison of results from current study with those obtained 





Figure 5.13 Soil flow mechanism at the displacement w/B=2 ((a) H/B=10, 
,0/ ukB s = ∞ , ,0/ ( ) 0uH s kHγ + = ; (b) H/B=10, ,0/ ukB s = ∞ , 










Chapter 6 Eulerian Finite Element Method to Assess Keying 
of SEPLA  
6.1 Introduction 
Anchorage system is widely used in the deep and ultra-deep water for the 
mooring of floating facilities. SEPLA is a viable deep water mooring system 
due to the advantages in terms of low cost, accurate positioning, short 
installation time and high efficiency (Wilde et al. 2001). The plate is slotted 
vertically at the base of the suction caisson (called as follower) and installed 
vertically by self-weight followed by pumping out the water inside the caisson. 
After extraction of the suction caisson, the plate is pullout by the mooring line 
attached to the plate anchor padeye. The plate anchor will rotate until to the 
orientation that is perpendicular to the pullout direction to achieve the 
maximum capacity. This rotation process is termed as “keying”. 
 
The SEPLA will move upwards during the keying, thus the embedment depth 
reduces. As the soil shear strength usually increases with depth for most of the 
offshore clay deposits, SEPLA will lose potential capacity due to the loss of 
embedment depth. Additionally, the remolding of the soil in the vicinity of the 
SEPLA during the keying process will also reduce the SEPLA capacity. Hence, 
it is important to study the soil and SEPLA behavior during keying process.  
 
Although the keying of SEPLA has been studied by means of field test (Wilde 
et al., 2001), centrifuge modeling (Song et al., 2006; O'Loughlin et al., 2006; 
Gaudin et al., 2006a, 2008, 2009) and numerical analysis (Song et al., 2009; 
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Yu et al., 2009; Wang et al., 2011; Yang et al., 2012; Cassidy et al., 2012), 
limited research has been performed to study the degree of soil strength 
degradation during the SEPLA keying process and the effect of suction 
caisson installation.  
 
6.2 Verification 
The current Eulerian finite element method is verified by comparing with 
existing centrifuge test results in both uniform transparent soil and normally 
consolidated kaolin clay. The SEPLA is modeled as a rigid solid with 8-noded 
Lagrangian brick elements while the soil domain consists of 8-noded Eulerian 
brick elements. In the Eulerian domain, a void layer is defined above the 
mudline for a “void” material with zero strength and stiffness. The purpose of 
the void layer is to allow the soil to heave and flow into the empty Eulerian 
elements during keying process. In order to simplify the model, only the fluke 
of the SEPLA is taken into account initially. In the centrifuge model tests 
conducted by Song et al. (2006; 2009) and O’Loughlin et al. (2006), a pulley 
was fixed on the top of the container to control the pullout angle. As such, this 
pulley system is modeled in the present study for the keying of the SEPLA and 
the mooring chain is modeled as weightless rigid line in the numerical model. 
Displacement control is applied in this numerical study by controlling the 
active length of the mooring chain. The keying process is simulated as an 
undrained problem. Tresca failure criterion is applied in this study with soil 
Young’s modulus 500 uE s= , u 0φ = and Poisson’s ratio 0.495υ = . The 
analysis is executed in ABAQUS/Explicit Version 6.10. 
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6.2.1 Simulation of SEPLA in normally consolidated Kaolin clay 
O’Loughlin et al. (2006) conducted centrifuge tests for the keying process of 
plate anchor under 100g. Anchors with equivalent prototype dimensions of 
3B m= , / 0.067t B =  and /L B =1, 2, 2.67 and 4 were pulled out in normally 
consolidated kaolin clay with soil undrained shear strength profile 0.7us z=
kPa. The initial embedment depth of the plate anchor is 3 times the anchor 
breadth. The anchor with /L B =2.67 is designed to model a strip anchor, 
where the loading shaft is at the centre and the width of the plate is equal to 
the width of the centrifuge container. A slender shaft was used in the anchor 
padeye. 
 
Both Wang et al. (2011) and Wang et al. (2013) conducted 2D LDFE (Large 
Deformation Finite Element) analysis by RITSS (Remeshing and Interpolation 
Technique with Small Strain) method to simulate the keying process of a strip 
plate anchor. In Wang et al. (2011), the anchor submerged unit weight is 60 
kN/m3 while the soil unit weight is taken as 7 kN/m3. The interaction between 
the anchor and soil is considered as fully rough and bonded (no breakaway). 
However, the parameters are slightly different in Wang et al. (2013). The 
submerged anchor unit weight is 67 kN/m3 and the submerged soil unit weight 
is 6.5 kN/m3. The Coulomb friction contact with a maximum shear stress is 
adopted in Wang et al. (2013) is expressed as  
                                            max ucsτ α=                                                       (6.1) 
where ucs is the intact soil strength at anchor centre and α is the adhesion 
factor. Both α=1 and α=0.3 are applied. They concluded that a adhesion factor 
0.3 can reasonably well predict the keying responses of a typical normally 
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consolidated soil. Both Wang et al. (2011) and Wang et al. (2013) adopted the 
same displacement-controlled analysis for a vertical pullout. 
 
As the Eulerian analysis feature in ABAQUS is only available in a three-
dimensional modeling space, a three-dimensional finite element model with 
just one element layer in the out of plane direction is created to model the 
plane strain condition for the keying process of strip plate anchor (Qiu et al., 
2011; Tho et al., 2012a; Tho et al., 2014). In order to directly compare with 
the numerical results by Wang et al. (2011) and Wang et al. (2013), 
displacement control is adopted at the SEPLA padeye instead of modeling the 
pulley system for this section. 
 
The same contact condition as Wang et al. (2013) is intended to be applied 
initially. However, a limitation of the Eulerian finite element analysis in 
ABAQUS is that the value of maxτ could not be updated during the continuous 
keying process of the plate in normally consolidated clay as the intact soil 
strength is changed. Hence, a summary of parameters for the series of present 
studies on the effect of the tangent behaviour between the plate and the soil are 
given in Table 6.1. The parameters and results of the loss of anchor 
embedment including centrifuge test as well as the numerical results by Wang 
et al. (2011) and Wang et al. (2013) are summarized in Table 6.1. The 
normalized loss of anchor embedment (∆z/B) versus anchor inclination is 
shown in Figure 6.1. The effective soil unit weight is adopted for both Wang 
et al. (2011) and Wang et al. (2013). However, the saturated soil unit weight is 
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adopted in the current Eulerian finite element method as the total stress 
analyses are carried out. 
The present study as shown in Figure 6.1 reveals that the Eulerian model 1 
which adopted smooth condition between the soil and anchor will over predict 
the loss of embedment, which is contrary to that reported by Song et al. (2009). 
As pointed out by Wang et al. (2013), the loss of embedment during keying 
depends on the combined influences of anchor roughness, anchor thickness 
and loading eccentricity. The slight difference between Wang et al. (2011) and 
Wang et al. (2013) with α=1 may be due to the application of different anchor 
unit weights.  
 
The Eulerian model 6 of the present study predicts the same behaviour as 
Wang et al. (2011) rough condition. It is interesting to note that the results 
from the present Eulerian model (2, 3, 4, 5) almost predict the same loss of 
embedment as Wang et al. (2013) with =0.3α  as long as the limiting shear 
strength is equal to the soil undrained shear strength at the initial position of 
the plate. Hence, the value of the friction coefficient could not affect the 
results once the shear stress is beyond the limited shear strength as it is a 
nonslip condition. In addition, these results are between the smooth condition 
and rough condition by Wang et al. (2011) and can be adopted to approximate 
the behaviour of soil plate interaction during keying process. 
 
The keying process of a plate anchor is dominated by the shear resistance at 
the initial stage of rotation while it is dominated by the bearing capacity once 
the plate is rotated beyond the vertical direction. Even the limiting undrained 
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shear strength is the soil strength at the initial anchor embedment depth, it will 
not affect the keying process of the SEPLA when the SEPLA moves upwards. 
According to the previous studies (Chen and Randolph, 2007; Dingle et al., 
2008), the friction coefficient between steel and kaolin clay ranges from 0.3 to 
0.5. Hence, a limiting shear stress equal to the undrained shear strength at the 
initial anchor position with a friction coefficient of 0.3 will be adopted in all 
subsequent analyses in this chapter to model the tangent behaviour between 
the plate and soil to eliminate the limitation of Eulerian finite element model 
as described earlier. “Immediately breakaway” condition is applied for the 
normal contact behavior in the subsequent analysis to obtain a conservative 
solution. 
 
6.2.2 Simulation of SEPLA in uniform transparent soil 
In this section, the Eulerian large deformation finite element analysis is 
verified with the centrifuge experimental results of Song et al. (2006) in 
uniform transparent soil. Figure 6.2 shows the geometry of the SEPLA used in 
the centrifuge tests. A square steel anchor with equivalent prototype 
dimensions of 4m×4m×0.2m was pulled in a uniform transparent soil with 
shear strength us =18kPa and saturated unit weight 
317 /kN mγ = . The 
eccentricity of the anchor padeye is 2.5m with /e B =0.625. The anchor was 
installed manually at 3H B= . A pulley was fixed at 8m above the mud line on 
the side of the centrifuge container to control the pullout angle. 
 
In order to simplify the numerical model, the anchor shank was excluded from 
the model initially. The finite element mode is shown in Figure 6.3. Owing to 
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symmetry, only half of the plate anchor and soil are considered in this model. 
The size of the half soil model is 25.8m×4m×17m with 2m of the void layer 
above the soil to allow the soil flow due to deformation during the subsequent 
analysis, which is consistent with the container in the centrifuge experiment 
(the container size is 25.8m×8m×15m). The normalized loss of embedment 
( /z B∆ ) versus anchor inclination during the keying process is plotted in 
Figure 6.4 for both 90° and 60° pullout and compared with the experimental 
results of Song et al. (2006) and the numerical results by Song et al. (2009) 
and Wang et al. (2011). The loss of embedment z∆  represents the vertical 
displacement of the anchor center point during the keying process as shown in 
Figure 6.5.  
 
In order to compare with the experiment by Song et al. (2006), the pulley 
system is modeled in the current Eulerian finite element model. As shown in 
Figure 6.4(a), the final anchor inclination is zero for both the numerical study 
by Song et al. (2009) and Wang et al. (2011) under 90° pullout. It is interesting 
to find that the final plate anchor inclination angle for the current Eulerian 
finite element study is consistent with that observed from the experiment, 
which is about 10° for 90° pull out and 37° for 60° pull out after modeling the 
pulley system. The configuration of the mooring line during the keying is 
depicted in Figure 6.5. There is an initial horizontal offset of 0.625e B= from 
the pulley and the anchor padeye. The moment arm will change as the anchor 
rotate and it cannot be zero in this case. Once the anchor is pulled, the 
mooring line will change from the vertical orientation to an inclined 
orientation to balance the horizontal resistance force. The mooring line is 
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perpendicular to the SEPLA when it rotates to the stabilized inclination. 
Therefore, the anchor cannot be fully rotated to a horizontal orientation for the 
90° pull out if the pulley system is modeled. However, for the 60° pullout case 
in Figure 6.5(b), the final anchor inclination is 37° which is almost 
perpendicular to the pullout direction.  
 
Song et al. (2009) simplified the keying process of the “wished-in-place” 
SEPLA as 2D plane strain condition and used the 2D RITSS method. Load 
control was applied in their study and the location and chain profile was 
updated after each load increment according to Equations in Song et al. (2009) 
until it reaches the ultimate bearing capacity. Load control was also applied by 
Wang et al. (2011) for 60° pullout and the force increment in each incremental 
step was taken as 1% of the ultimate uplift capacity of the “wished-in-place” 
anchor and updated accordingly. The final anchor inclination for 90° pullout is 
zero in both Song et al. (2009) and Wang et al. (2011) due to the method of 
simulating the pullout force direction. They updated the load inclination angle 
until the anchor rotated to the horizontal direction to achieve maximum 
capacity which is not the same as that in the centrifuge experiment. 
 
The loss of embedment at the end of anchor rotation obtained from the current 
study is 0.56z B∆ =  for vertical pullout and 0.39z B∆ =  for 60° pullout. These 
are larger than the experimental observation of 0.42z B∆ =  and 0.36z B∆ =  
for both 90° and 60° pullout, respectively. As mentioned previously, the 
anchor shank was not included in this simplified model. Further numerical 
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studies confirmed that the difference can be attributed to the anchor shank 
effect.   
 
6.3 Effect of anchor shank 
As can be seen from Figure 6.4, Song et al. (2009) pointed out the loss of 
embedment at the end of anchor rotation is overestimated by 33% for the case 
without shank. To simulate the case “with shank”, Song et al. (2009) did not 
model the shank physically but applied a weight of the shank 37shankW kN= , a 
resistance of the shank 120f kN= , an anchor shank weight eccentricity 
0.5we B= and an anchor shank resistance eccentricity 1.26fe B= . Wang et al. 
(2011) also did not consider the effect of anchor shank and overestimated the 
loss of embedment at the end of anchor rotation by 31%.  
 
Owing to lack of data for the exact geometry of the model in the experiment, 
an approximate anchor shank shown in Figure 6.6 is modeled to simulate the 
effect of anchor shank. The weight of the shank is 36kN in the current model 
which is almost the same as Song et al. (2009) ( 37shankW kN= ). From Figures 
6.4(a) and (b), the current Eulerian finite element study with anchor shank 
captured the behavior observed in the centrifuge tests reasonably well for both 
90° and 60° pullout. Both the loss of embedment during the keying process as 
well as the final anchor inclination angle is consistent with the experimental 
results of Song et al. (2009). The weight and the resistance of the shank will 




An advantage of the Eulerian large deformation finite element analysis is to 
understand the whole process of the keying including the resistance and the 




) versus anchor 
chain displacement during keying is plotted in Figure 6.7. The normalized 
resistance after the keying process is higher than the experimental results. 
There could be two reasons for the discrepancy. For the numerical model, the 
anchor is “wished-in-place” vertically in the soil at the beginning of the keying 
process. In the experiment, the SEPLA was “pushed-in-place” during 
installation by the suction caisson which will inevitably disturb the soil in the 
vicinity of the SEPLA. Another reason may be due to the remolding of the soil 
during the keying process. The soil shear strength around the anchor will 
decrease as the accumulated plastic shear strain of the soil increases. The 
effect of these two factors will be further investigated in the later section of 
this chapter.  
 
As observed from the transparent soil test by Song et al. (2006), the keying 
process can be divided into four stages (Figure 6.7).  The first stage involves 
tightening of the mooring chain. As the mooring chain is modeled as rigid 
weightless material in the current study, this stage is ignored and therefore the 
pulling force increases quickly from point A to B. However, the chain pullout 
distance is larger in the experiment to achieve the same pullout force. The 
second stage takes place from B to C, during which the pulling force increases 
slowly as the SEPLA rotates from 86° at point B to 45° at point C. The third 
stage involves full rotation from C to D. The SEPLA rotates up to the 
stabilized inclination while the pulling force increases rapidly to the maximum 
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value. The last stage involves steady pullout (from D to E). After the SEPLA 
rotates to the stable orientation, the anchor will mobilize its maximum 
resistance which remains constant for this case with uniform transparent soil. 
 
The soil flow mechanisms during SEPLA keying are displayed in Figure 6.8 
during the four stages as explained above. Local failure mechanisms are 
observed during the whole keying process. The soil flows circularly around 
the anchor center in Figures 6.8(a) and (b) at the beginning of the rotation 
because of the dominant rotational movement. The pullout resistance increases 
slowly in this stage. In Figures 6.8(c) and (d), the soil flows almost 
symmetrically around the edges of the fluke and the soil above the plate 
begins to move upwards due to transitional movement. The mobilized resistant 
force also increases rapidly due to transitional movement of the anchor. 
 
From Figure 6.7, the normalized resistance for the anchor with shank is almost 
the same as the one without shank due to localized failure mechanism. The 
anchor with shank achieves its maximum capacity through a shorter pullout 
distance due to the fact that the anchor with shank rotates faster than the one 
without shank. The flow mechanism for the plate anchor with shank during 
keying process is shown in Figure 6.9. As localized failure mechanism is 
mobilized, all the four cases predict the same anchor capacity factor of 13.1 
even for different anchor inclinations and geometries. This value is the same 
as the ultimate pullout capacity of a wish-in-place smooth square plate anchor 
as illustrated in Chapter 4 and 5. The finding is also consistent with the 
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conclusion by Wang et al. (2010) that the anchor roughness has minimal effect 
on square anchor capacity. 
 
6.4 Effect of soil sensitivity in both uniform transparent soil and NC 
kaolin clay 
As discussed in Section 6.1, the sensitivity of the soil will affect the shear 







) defined in this study is assumed to depend on the 
accumulated absolute shear strain (Einav and Randolph, 2005) as 
                                  953 / ,0[ (1 ) ]u rem rem us e s
ξ ξδ δ −= + −                                     (6.2) 
where remδ is the fully remoulded strength ratio (the inverse of sensitivity). 
Typical sensitivity values are reported to range from 2 to 5 for marine clays 
and 2 to 2.8 for reconstituted kaolin clay used in the centrifuge tests (Hossain 
and Randolph, 2009).
 
ξ is the cumulative shear strain and 95ξ controls the ductility of the material, 
which represents the cumulative shear strain required to achieve 95% 
remoulding. Typical values are around 10 to 50 (Einav and Randolph, 2005). 
 
The effect of soil sensitivity is evaluated in both uniform transparent soil and 
normally consolidated kaolin clay in the present study. By considering the 
model for vertical pullout in Song et al. (2006), soil sensitivity values from 1 
to 3 were investigated. 95 =20ξ  was selected to represent the behaviour of the 
kaolin clay (Zhou and Randolph, 2007). The normalized loss of embedment 
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and the resistance are shown in Figure 6.10. From Figure 6.10(a), it is 
interesting to find that the remolding of the soil will reduce the loss of 
embedment when the anchor shank is not modeled. As the remolding of the 
soil will reduce the soil undrained shear strength, the plate is easier to rotate in 
a softer soil and results a smaller loss of embedment. However, the influence 
of soil sensitivity is negligible for the loss of embedment depth after molding 
the anchor shank and the results consistent with the experimental results by 
Song et al. (2006). The effect of soil remolding and anchor shank may be 
compensatory. 
 
The SEPLA capacity is reduced for both with shank and without shank cases 
as shown in Figure 6.10(b). The capacity factor is 10.3 after the soil sensitivity 
effect and this agrees well with the experimental result. It is noticed that there 
is a drop of the normalized resistance curves after considering soil sensitivity. 
This is due to the fact that a new weaken zone is created after the SEPLA 
mobilize the maximum capacity. Further illustration will be carried out in 
Chapter 7 for the drop of the resistance. 
 
O’Loughlin et al. (2006) conducted centrifuge tests for vertically pullout of 
square and rectangular plate anchors in normally consolidated kaolin clay 
under 100g. The anchors are installed at 1g in a vertical orientation in NC 
kaolin clay with soil shear strength profile u 0.7zs = kPa. In this experiment, 
the initial embedment depth is equal to 3 times the anchor breadth ( / 3H B = ). 
The anchor was pulled out by a loading arm which was a “knee-joint” 
connecting the anchor padeye to the actuator, permitting in-plane rotation but 
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restricting out-of-plane rotation. The pulley system is modeled the same as in 
the experiment. In contrast to the shank attached to the anchor in the 
transparent soil tests (Song et al., 2006), the slender shaft was used in this 
model. 
 
As can be seen from Figure 6.11(a), the loss of embedment during keying 
process is consistent with the centrifuge experiment. The soil sensitivity can 
reduce the loss of embedment.   
 
The normalized load-displacement curve is different from the uniform 
transparent soil. The capacity decreases after the SEPLA mobilizes the 
maximum capacity. The trend agrees well with the finding in the experiment 
in normally consolidated kaolin clay with shear strength u 1.1s z= kPa by 
Gaudin et al. (2006a). The decrease in resistance can be attributed to the 
upward movement of the anchor into softer soil layer. This can be illustrated 
by the soil flow pattern during the keying process and it is different from those 
in uniform clay. The keying process also can be divided into four stages. The 
stages from point A to B and point B to C are almost the same as the uniform 
transparent soil. When the SEPLA mobilizes the maximum resistance at point 
D (Figure 6.12(c)), the SEPLA will mobilize the softer soil in the NC Kaolin 
clay. Even a localized failure mechanism is mobilized, the flow mechanism is 
not symmetric around the plate as in the uniform soil in Figure 6.8(c). As the 
SEPLA moves upwards, a general failure mechanism as shown in Figure 
6.12(d) is mobilized. The soil flow around the edge of the SEPLA thus 




6.5 Effect of installation and extraction of suction caisson 
The soil in the vicinity of suction caisson is disturbed during the penetration 
and extraction of suction caisson follower. Wilde et al. (2001) recommended a 
disturbance factor of 0.7 for the resistance of SEPLA due to remolding and 
soil disturbance near the SEPLA. Gaudin et al. (2006a) compared the SEPLA 
behavior for jacked anchor and suction embedded anchor during keying 
process using centrifuge tests in normally consolidated kaolin clay. They 
concluded that the loss of embedment for jacked anchor is larger in 
comparison with suction embedded anchor and the bearing capacity for jacked 
anchor is approximately 8% higher than that of corresponding suction 
embedded anchor. 
 
Song et al. (2007) conducted centrifuge tests for both normally consolidated 
Kaolin clay and uniform transparent soil to study the effect of the suction 
caisson installation. In their finite element analysis investigation, the effect of 
installation adopted a “wished into place” circular plate subject to vertical 
pullout only. They did not consider the keying process. 
 
3D Eulerian finite element analysis is carried out in the present study to 
examine the keying process of SEPLA with installation. According to the 
previous studies on suction caisson installation by Anderson and Jostad (2002; 
2004), the disturbed zone was about 3 times the caisson wall thickness. Hence, 
the centrifuge test in transparent soil with a weaken zone of 3 times the suction 
caisson thickness is shown in Figures 6.13(a) and (b) for the loss of 
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embedment and the resistance during keying process together with the 
centrifuge tests by Song et al. (2007). The undrained shear strength in the 
weaken zone is modeled as 1/3 of the undisturbed soil. The interaction 
between anchor and soil is modeled as α=0.3 with a limiting undrained shear 
strength equal to the undrained shear strength of the transparent soil with the 
value of 13kPa. The case without weaken zone is modeled for anchor installed 
by jacking while the case with weaken zone is modeled for the anchor 
installed by suction caisson. 
 
The present finite element analysis results are consistent with those of 
centrifuge tests. The plate anchor installed by suction caisson rotates faster 
than that of anchor installed by jacking. The capacity factor for the plate 
anchors installed by jacking is 13.1, which is 7% higher than 12.3 for anchors 
installed by suction. 
 
6.6 Parametric studies 
The effect of anchor unit weight, eccentricity ratio as well as the loading 
inclination angle is investigated in this section. 
 
6.6.1 Effect of anchor unit weight 
The anchor used for MODU (Mobile Offshore Drilling Unit) is usually a solid 
plate while the anchor used for permanent installation is usually a double skin 
hollow fluke. The equivalent unit weight of the anchor, which effectively 
implies the weight of the anchor, plays an important part for the keying 
process. By considering the model for vertical pullout in Song et al. (2006) as 
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an example, three different anchor unit weights (19 kN/m3, 55kN/m3, and 
77kN/m3) are modelled as shown in Figure 6.14. The loss of embedment 
decreases with increasing anchor unit weight. The increase in self weight of 
anchor will reduce the upward movement of the SEPLA due to a decrease in 
the net upward acting unbalance forces and hence results in a lower loss of 
embedment. 
 
6.6.2 Effect of anchor eccentricity ratio 
By considering the models in O’Loughlin et al. (2006), the loss of embedment 
for anchor eccentricities /e B =0.17, 0.5, 1 and 1.5 are plotted in Figure 6.15. 
The loss of embedment increases sharply when the eccentricity ratio /e B  is 
less than 0.5 while the loss of embedment is not sensitive when the 
eccentricity ratio /e B  exceeds 1. 
 
6.6.3 Effect of anchor loading inclination angle 
The model in Song et al. (2006) is considered as an example, the loading angle 
30°, 45°, 60°, 90°, 105° are adopted in this study.  As shown in Figure 6.16(a), 
the curves are essentially identical during the first 30° rotation for all the five 
cases. The maximum loss in anchor embedment reduces with reducing pullout 
angle (Figure 6.16(b)), since less rotation is needed to complete the anchor 
keying when a lower anchor pullout angle is applied. As localized failure 
mechanisms are mobilized for all the cases under different pullout inclination 
angle, the pullout angle has minimal effect on the ultimate anchor resistance in 





The keying process of the plate anchor is successfully simulated using the 
CEL (Coupling-Eulerian-Lagrangian) feature in ABAQUS. The loss of 
embedment is affected by the contact property between the anchor and the soil, 
the anchor shank, the soil sensitivity, the suction caisson installation process, 
the weight of the anchor unit weight, the geometry of the anchor and the 
anchor pullout inclination angle.  
The smooth contact between soil and SEPLA will over predict the loss of 
embedment. The CEL in ABAQUS can model the pulley system as in the 
centrifuge experiment and the final anchor inclination is consistent with the 
experimental result. The SEPLA cannot be rotated to the horizontal direction 
under 90° pullout by the pulley system. The CEL is also able to model the 
anchor shank physically. It is shown that the weight and the resistance of the 
anchor shank will reduce the loss of embedment during the keying process. 
 
The remolding of the soil during the SEPLA installation as well as the keying 
process plays an important role for the short-term behavior of SEPLA. The 
sensitivity of the soil is minor for the loss of embedment compared to other 
factors but it reduces the anchor short-term capacity. The remolding of the soil 
should be taken into account in the short-term SEPLA resistance.  
 
The soil flow mechanism is different for the SEPLA during the keying process 
in uniform clay and normally consolidated clay. Thus one should be careful in 
the design of SEPLA in normally consolidated clay. The capacity factor will 
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decrease after it mobilizes the maximum resistance for SEPLA in normally 
consolidated clay. 
 
The self weight of the SEPLA is sufficient to reduce the loss of embedment. 
An eccentricity ratio which is larger than one is recommended to reduce the 
loss of embedment. The pullout inclination has minimal effect on the ultimate 






















 profile  
(kPa) 
E/su tangent  contact property 
Wang et al. 
(2011) 2D LDFE 0.5 3 3 0.2 60 7 su=0.7z 500 Fully rough 
Wang et al. 
(2013) 2D LDFE 0.5 3 3 0.2 67 6.5 su=0.7z 500 









Eulerian model 0.5 3 3 0.2 70 17 su=0.7z 500 
Friction coefficient=0.04, maxτ





Eulerian model 0.5 3 3 0.2 70 17 su=0.7z 500 
Friction coefficient=0.3, maxτ





Eulerian model 0.5 3 3 0.2 70 17 su=0.7z 500 
Friction coefficient=0.5, maxτ





Eulerian model 0.5 3 3 0.2 70 17 su=0.7z 500 
Friction coefficient=500, maxτ





Eulerian model 0.5 3 3 0.2 70 17 su=0.7z 500 
Friction coefficient=0.5, do not 
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Eulerian model 2 
Eulerian model 3 
Eulerian model 4 
Eulerian model 5 
Eulerian model 6 
Wang et al. (2011) 
Wang et al. (2013), a=1 
Wang et al. (2013), a=0.3 


























Figure 6.3  Eulerian finite element model for the keying process of square 














(a) Loss of embedment versus anchor inclination under 90° pullout 
 
 
(b) Loss of embedment versus anchor inclination under 60° pullout 
 






























current study (without shank) 
current study (with shank) 
Song et al.(2006) test 
Wang et al.(2011)(3D without shank) 
Song et al.(2009)(2D without shank) 





























current study (without shank) 
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Song et al.(2006) test 
Song et al.(2009)(2D without shank) 




(a)   90° pullout                                    (b)  60° pullout            
 
Figure 6.5 Mooring line configuration during keying (1: At the initial 
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Wang et al. (2011) RITSS (90 pullout, 
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(a) Anchor inclination =86β °           (b) Anchor inclination =45β °  
(At point B)                                  (At point C)       
          
                                 
(c) Anchor inclination =10β °            (d) Anchor inclination =10β °  
(At point D)                               (At point E) 
Figure 6.8 Soil flow mechanism for anchor without shank during the 




   
 (a) Anchor inclination =86β °           (b) Anchor inclination =45β °  
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(c) Anchor inclination =10β °            (d) Anchor inclination =10β °  
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(a) Loss of embedment during keying for different soil sensitivity 
 
(b) Normalized resistance during keying for different soil sensitivity 





























current study (sensitivity=1, without shank) 
current study (sensitivity=3, without shank) 
current study (sensitivity=1, with shank) 
current study (sensitivity=3, with shank) 













Anchor chain pullout distance/B 
Song et al.(2006) test 
current study (sensitivity=1, without shank) 
current study (sensitivity=3, without shank) 
current study (sensitivity=1, with shank) 




(a) Anchor inclination versus loss of embedment 
 
(b) Anchor capacity factor versus chain pullout distance 
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(a) Anchor inclination =86β °           (b) Anchor inclination =45β °  
(At point B)                                  (At point C)           
      
   
(c) Anchor inclination =18β °            (d) Anchor inclination =15β °  
(At point D)                               (At point E) 





(a) Comparison of loss of embedment 
 
(b) Comparison of capacity factor 
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Wang et al. (2010) 2D numerical analysis 






(a) Loss of embedment during keying process 
 
































































Pullout inclination angle(°) 
current study 




(c) Normalized resistance for different pullout angle 
 






























Chapter 7 Capacity of Plate Anchor Under Combined 
Loading 
7.1 Introduction 
O’Neill et al. (2003) are among the first researchers to study the behavior of a 
plate anchor (both rectangular and wedge-shaped cross section) undergoing 
combined vertical, horizontal and moment loading for plane strain condition. 
Traditional two-dimensional finite element analysis was carried out to 
investigate the interaction between strip plate anchor and undrained soil at 
failure. The results have been characterized in terms of plastic yield envelopes. 
Gilbert et al. (2009) extended the study to out-of-plane loading of square and 
rectangular plate anchors with zero thickness by analytical and experimental 
modeling. Finite element analyses under multi-axial loads were carried out to 
develop a simplified analytical predictive model. Yang et al. (2010) conducted 
three-dimensional finite element analysis to investigate the behavior of square 
and rectangular plate anchor subjected to six degrees of freedom of loading 
(three force components and three moment components). Yield locus was 
established from the results to simulate anchor behavior under out-of-plane 
loading. Parameters of the yield locus are provided for ultra thin square and 
rectangular plate anchors. Elkhatib (2006) also provided typical values for the 
parameters in the yield locus during the study of prediction drag anchor 
trajectory through finite element analysis. The influence of the interface 





It should be noted that all the previous studies are based on wish-in-place 
horizontal plates. However, the capacity of SEPLA is greatly affected by the 
installation method. In this chapter, Eulerian finite element analysis is carried 
out to investigate the behavior of SEPLA under combined loading condition 
after keying process and compared with the wish-in-place horizontal plate 
anchor. As the mooring systems are typically designed for anchor line loads 
that act within the plane of the major axis of the anchor (Gilbert et al., 2009), 
only in-plane load is considered in this chapter. Three degrees of freedom, 
comprising vertical load, horizontal load and bending moment, are considered 
in this chapter. 
 
7.2 Verification 
In this section, the results of Eulerian finite element analysis is verified against 
those from previous researchers (O'Neill et al., 2003; Yang et al., 2010) for 
wish-in-place horizontal strip plate anchors. Following the definition by 


















=      (7.3) 
where B=width of strip plate anchor; su=soil undrained shear strength; Vmax, 
Hmax, and Mmax=normal, parallel, and rotational resistances per unit width, 




According to the definition by Yang et al. (2010), the capacity factors for 


















=      (7.6) 
where L and B=length and width of plate anchor, respectively. 
 
Upper and lower bound theorems were used by Merifield et al. (2001) to 
analyse the ultimate vertical capacity of strip anchor. The ultimate vertical 
pullout capacity factor of strip anchor is 11.16 for lower bound and 11.86 for 
upper bound. O’Neill et al. (2003) reported sole vertical load capacity factor as 
11.87, sole horizontal load capacity factor as 4.29 and sole moment capacity 
factor as 1.49 for strip anchor with the thickness ratio (B/t=width/thickness) of 
7 as shown in Figure 7.1. The plate anchor is assumed as rigid and fully rough. 
The soil is modeled as uniform weightless clay with rigidity index ( / uE s ) 
equal to 500. The analysis is modeled as undrained with a Poisson’s ratio of 
0.495. Only localized failure is considered and fully bonded condition is 
applied for the interaction between the plate and soil. According to the study 
of Yang et al. (2010), the bearing capacity factors for a B/t=7 strip anchor in 
homogeneous clay under rough and fully bonding condition are 11.98, 4.39 
and 1.645 for purely vertical, horizontal and rotation, respectively. The 
capacity factors from upper bound and finite element solution for sole vertical 
load, horizontal load and bending moment by previous researchers is 
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summarized in Table 7.1.  However, Yang et al. (2010) admitted that the 
normal and rotational capacity factors were adjusted downward by 5% and 16% 
due to the configuration of the mesh, respectively. 
 
In order to verify the Eulerian finite element analysis, similar model for wish-
in-place strip plate anchor as that by O’Neill et al. (2003) and Yang et al. 
(2010) is created. As the Eulerian analysis feature in ABAQUS is only 
available in a three-dimensional modeling space, a three-dimensional finite 
element model with just one element layer in the out of plane direction is 
created to model the plane strain condition (Qiu et al., 2011; Tho et al., 2012a; 
2014). A strip plate anchor with thickness ratio B/t=7 embedded in uniform 
clay with soil undrained shear strength 20kPa and / uE s =500 is modeled, see 
Figure 7.2. The load reference point is at the midpoint of the anchor fluke. The 
plate is modeled as a discrete rigid solid part and meshed using 8-noded 
Lagrangian brick elements.  The soil domain consists of 8-noded Eulerian 
brick elements.  In the Eulerian domain, a void layer is defined above the 
mudline with a “void” material of zero strength and stiffness. The purpose of 
the void layer is to allow the soil to heave and flow into the empty Eulerian 
elements at subsequent stages of the analysis.  
 
To ensure that localized failure can be mobilized, an embedment ratio (H/B) 
of 6 with soil saturated unit weight 18kN/m3 is modeled. These parameters 
involve a localized failure mechanism named as Type B in Chapter 4. A large 
friction coefficient with a limiting shear stress value which is equal to the 
undrained shear strength of the soil is modeled as the tangent contact property 
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between the soil and plate (following the parametric study of Section 6.2.1). 
Boundary effect convergence, mesh convergence and loading rate study have 
been carried out the same as reported in the Section 3.4. The soil domain in 
this model is 10 times the strip plate width B and 2 times the plate embedment 
depth H (Figure 7.2). Displacement control is applied to determine the 
capacity for three different loading conditions. 
 
The capacity factors calculated based on Equations 7.1 to 7.3 for strip plate 
anchor under purely vertical, horizontal and rotational load from the present 
study are summarized in Table 7.1 together with those by previous researchers. 
The results are consistent with those of previous researchers. The slight 
difference may be due to different tangent contact property. 
 
The yield locus can be expressed as a function of vertical, horizontal and 
rotational load as 
  ( , , ) 0f V H M =                 (7.7) 
This function can be illustrated graphically in V-H, V-M and H-M space. In 
order to obtain the V-H locus, only vertical and horizontal displacement is 
applied to the plate anchor with zero rotation. The vertical capacity and 
horizontal capacity are obtained by different combinations of horizontal and 
vertical displacement. For this locus, the maximum vertical and horizontal 
resistance, Vmax and Hmax, occur when H and V, respectively, are equal to zero. 
The V-M locus is plotted for the condition with zero horizontal loading. A 
constant vertical load maxV Vη=  ( 0 1η≤ ≤ ) and a rotational displacement are 
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applied to obtain the rotational capacity. As η  changes from 0 to 1, the full V-
M locus is complete. The same approach is applied to obtain the H-M locus. 
 
The full set of Eulerian finite element analyses to form the complete yield 
locus for strip plate anchor are plotted in non-dimensional space in Figure 7.3 
together with those by O’Neill et al. (2003) and Yang et al. (2010). For the V-
H curve, the results by O’Neill et al. (2003) and Yang et al. (2010) are 
consistent with those from the current Eulerian finite element results which 
reveal a smaller envelope. For the V-M and H-M curves, the current Eulrian 
finite element results are in between the results of O’Neill et al. (2003) and 
Yang et al. (2010). Hence, the present Eulerian finite element approach is 
capable to investigate the effect of the combined loading for plate anchors. 
 
7.3 Capacities with soil remolding  
As stated in Section 6.3.2, the remolding of soil during keying process would 
affect the SEPLA capacity. However, the effect of soil remolding on the 
capacity of vertical, horizontal and rotational load have not been studied 
previously. In this section, the capacities of a wish-in-place strip anchor under 
vertical, horizontal and rotational loading after adopting soil sensitivity are 
examined. The geometry and soil property are the same as those in section 7.2. 
The strength degradation is assumed to depend on the accumulated absolute 
shear strain as explained in Section 3.3.3. The original undrained shear 





The vertical normalized load-displacement curve for the strip plate anchor 
adopting soil sensitivity is plotted together with the case for no soil softening 
in Figure 7.4. The anchor mobilizes the same maximum capacity at a small 
displacement for both no softening and with soil sensitivity equal to 3. 
However, the resistance fluctuates during the pull out process when adopting 
the soil sensitivity. This can be illustrated by the evolution of the remolding 
zone during the pullout process from the present analysis as shown in Figure 
7.5. For Figure 7.5(a), the first failure zone is developed as the plate is pulled 
out. The failure zone is formed as two symmetric circles around the plate. As 
the failure zone becomes wider, the plate anchor mobilizes a smaller capacity 
as shown in Figure 7.5(b). During the vertical pullout process of the plate, the 
plate capacity slightly increases during the development of the second failure 
zone (Figure 7.5(c)). After the second failure zone is fully mobilized, the 
capacity will decrease again as shown in Figure 7.5(d). The process will repeat 
during the vertical pullout process. 
 
The horizontal normalized load-displacement curve is plotted in Figure 7.6. 
The load curve without soil softening is constant after mobilize the maximum 
capacity. However, the load with soil softening decreases after reaching the 
maximum capacity. This can be explained by the mobilized weaken zone 
shown in Figure 7.7. As the weaken zone is near the upper and lower surface 
of the plate anchor during horizontal pullout, the plate will mobilize the 




The rotational load-displacement curve is plotted in Figure 7.8. The maximum 
resistance for the two curves is the same and the load-displacement curve with 
soil softening decreases after reaching the maximum resistance. This is due to 
the fact that the plate created a weaken zone along the rotation path as shown 
in Figure 7.9. 
 
Although the capacity of the wish-in-place horizontal plate will not be affected 
by soil remolding, the resistance of the plate anchor will drop if the plate 
anchor undergoes a large displacement. In practice, the anchor may induce 
large displacement due to current or wave loading in extreme condition. It is 
therefore necessary to consider the reduction in resistance due to soil 
remolding. Hence, a larger safety of factor should be adopted when the yield 
envelope proposed by O’Neill et al. (2003) and Yang et al. (2010) is employed 
in the design of plate anchor. 
 
7.4 Yield locus after keying process of plate anchor 
The capacity of wish-in-place horizontal plate will not be affected by soil 
remolding. The wish-in-place is an ideal condition. On one hand, SEPLA has 
to resist the load after keying process. On the other hand, SEPLA is seldom in 
the horizontal direction as it is designed to be perpendicular to the mooring 
line to achieve the maximum resistance. Under wave or current loading, the 
SEPLA may be subjected to combined loading condition. Hence, it is 
important to investigate the behavior of SEPLA under combined loading after 




The yield envelope for both strip plate anchor and square plate anchor under 
the combined in-plane loading after keying process are investigated and 
compared with wish-in-place condition by the previous researchers in this 
section. The equation proposed by O’Neill et al. (2003) for in-plane combined 
loading is expressed as 





q m n pV M Hf
V M H
      
 = + + −     
       
                       (7.8) 
For a wish-in-place horizontal strip plate anchor with a rectangular cross 
section with thickness ratio B/t=7 (as in Figure 7.1), both O’Neill et al. (2003) 
and Yang et al. (2010) reported the parameters for the yield locus. Yang et al. 
(2010) also reported the parameters for the yield locus for square plate anchors 
with zero thickness. Elkhatib (2006) also reported the parameters for the yield 
locus with different friction coefficient and thickness ratio. The parameters for 
the square plate anchor with thickness ratio B/t=20 and the friction coefficient 
equal to 1 are presented here for comparison. All the parameters are 
summarized in Table 7.2. 
 
7.4.1 Strip plate anchor 
SEPLA is installed vertically into the seabed by a suction caisson follower as 
shown in Figure 7.10(a). The geometry of SEPLA and the soil properties are 
the same as O'Neill et al. (2003). Although the anchor shank is not modeled, 
the mooring line is connected to the anchor padeye to pull the SEPLA to 
complete the keying process. For SEPLA in the field, the load is applied at the 
anchor padeye at an offset from the SEPLA fluke. According to O’Loughlin et 
al. (2006) and Song et al. (2006) as well as Section 6.3.4, the loss of 
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embedment increases sharply when the eccentricity ratio /e B is less than 0.5. 
Hence, a typical eccentricity ratio equal to 0.625 is adopted in this analysis. As 
explained in Chapter 6, the SEPLA cannot be rotated to the horizontal position 
even by a vertical pullout. The same keying process procedure for the 90° 
pullout as in Chapter 6 is adopted for this strip plate anchor. The final anchor 
inclination angle after keying process is about 7.5° as shown in Figure 7.10(b), 
depending on the anchor geometry and soil property. 
 
Many studies for inclined plate anchors (Song, 2008; Yu et al., 2011) followed 
the local coordinate system shown in Figure 7.11. The horizontal axis is 
parallel to the anchor fluke and the vertical axis is perpendicular to the anchor 
fluke. In practice, it is hard to get the value of the plate anchor inclination 
angle after the keying process. Hence, the global coordinate system as shown 
in the Figure 7.10(b) is adopted for practical purpose. 
 
The analysis is separated in two steps. The first step is the keying process. The 
SEPLA is wish-in-place in the vertical direction as shown in Figure 7.10(a). It 
is pulled by the mooring line at the anchor padeye until rotated to the position 
shown in Figure 7.10(b). The second step is the plate under different 
combination of load. The reference point is selected at the center of the anchor 
fluke. Both the soil with no softening and with sensitivity equal to 3 during the 
two steps are investigated. The capacities are plotted in V-H, V-M and H-M 




Since it is a localized failure mechanism, the maximum vertical, horizontal 
and rotational capacity factors are supposed to be the same as the wish-in-
place condition for the condition with no soil softening. Due to different 
configuration of the plate after the keying process (the inclination angle is 
about 7.5°), the maximum vertical capacity is slightly smaller than the wish-
in-place condition while the maximum horizontal capacity is slightly larger 
than the wish-in-place condition. The rotational capacity is not affected by the 
keying process. Hence, the V-H curve will shrink in the vertical space and 
expand a little in the horizontal direction. The V-M locus is smaller in the 
horizontal direction and the H-M locus is larger in the vertical direction. 
 
A large difference is observed for the yield locus after considering soil 
softening. The SEPLA will mobilize a much smaller capacity as the soil in the 
vicinity of SEPLA has been remolded during the keying process. The yield 
locus is inside the one for wish-in-place horizontal plate anchor. This finding 
is important for anchors such as SEPLA and DEPLA (dynamically embedded 
plate anchor) due to the special installation method. It is hence not 
conservative if the parameters in Table 7.2 are adopted in the design of 
SEPLA and DEPLA under combined loading in short-term condition. 
 
In order to compare the results with those of previous researchers, the load 
reference point is selected at the center of the anchor fluke. However, the load 
is applied by the mooring line at the anchor padeye in the real case. If the load 
reference point is shifted to the anchor padeye (as shown in Figure 7.10(c)), 
the vertical resistance and horizontal resistance will not be affected but the 
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rotational resistance is much higher than that the reference point at the center 
of SEPLA due to the difference of the configuration. The rotational resistance 
for the configuration in Figure 7.10(c) is 2.48 which is 2.64 times the 
rotational resistance in the configuration as shown in Figure 7.10(b) both 
considering soil softening. 
 
Figure 7.13 shows the remolding of soil in the vicinity of the SEPLA when it 
rotates at a radian of 0.5. The remolding of soil in the vicinity of the SEPLA is 
in a circle around the center of the fluke with the load reference point at the 
center of fluke while a much larger area will be remolded if the SEPLA rotates 
around the padeye. Hence, it will mobilize a higher rotational resistance. The 
asymmetric geometry of the SEPLA when the load reference point is at the 
padeye will lead to an asymmetry of the yield envelope.  
 
7.4.2 Square plate anchor 
A typical SEPLA as in the experiment by Song et al. (2006) is selected in this 
study. To simplify the model, only the anchor fluke is modeled in this chapter. 
The soil property is also the same as that in Song et al. (2006). The final 
anchor inclination is about 10° for the square plate anchor. The yield locus 
plotted in V-H, V-M and H-M space is shown in Figure 7.14 together with 
those by Elkhatib (2006) for wish-in-place square plate anchor with /B t =20 
and a friction coefficient equal to 1. As the parameters provided by Yang et al. 
(2010) are for an infinitely thin square plate anchor, it is not suitable to 




7.5 Proposed VHM yield locus for plate anchor under general loading 
condition 
For a typical SEPLA geometry, the parameters provided by O’Neill et al. 
(2003), Elkhatib (2006) and Yang et al. (2010) in Table 7.2 are not suitable. 
The SEPLA can neither be simplified as a wish-in-place strip plate nor treated 
as a wish-in-place square plate. The SEPLA will experience a keying process 
and the soil will be remolded by the keying process. The parameters in Table 
7.2 will result in a non-conservative solution especially for the short-term 
capacity.  
 
From Figures 7.12 and 7.14, the shape of the yield locus for the current 
Eulerian finite element is similar to those defined by O’Neill et al. (2003) but 
the size is different. Equation 7.8 still can be applied to represent the shape of 
the yield locus but the parameters need to be revised. Since the size of the 
yield envelope will vary according to the relative anchor thickness B/t, 
parameters for both the strip plate anchor and the typical square plate anchors 
in the yield locus equation will be revised in this section to provide a design 
reference by curve fitting. 
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       
                    (7.9) 
for strip plate anchor with /B t =7 and soil sensitivity=3 
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      = + + −      
       
                     (7.10) 




The Eulerian finite element is successfully applied to investigate the behavior 
of both strip and square plate anchors under combined load condition. The 
current study agrees well with previous researchers for the wish-in-place strip 
plate anchor. The softening of soil will not affect the maximum resistance of 
the wish-in-place horizontal plate anchor but the resistance of the anchor will 
decrease with increasing displacement of the plate.  
 
The yield locus of a typical strip and square plate anchor after keying process 
is determined in this chapter. It is found that the yield locus for SEPLA in 
short-term condition after considering the whole keying process and soil 
softening is much smaller for both strip and square plate anchors due to two 
reasons. First, the keying process will change the configuration of the plate 
anchor. The SEPLA is no longer a horizontal plate after the keying process. It 
is inclined even for a 90° pullout process. Second, the soil will be remolded 
during the keying process and a smaller capacity will be mobilized. The 
parameters in Equation 7.8 proposed by O’Neill et al. (2003) and Yang et al. 
(2010) is improved and new parameters for a more realistic anchor design is 
provided for design references. Further study may be carried out to investigate 




Table 7.1 Comparison of the capacity factor under purely vertical / 
horizontal / rotational load for strip plate anchor 





Merifield et al. 
(2001) 
upper bound 11.86 _ _ 
lower bound 11.16 _ _ 
O'Neill et al. 
(2003) 
upper bound 12.1 5.15 1.6 
small strain FEM 11.87 4.29 1.49 
Yang et al. 
(2010) 
small strain FEM 11.98 4.39 1.645 
Current study Eulerian FEM 11.91 4.52 1.67 
 
Table 7.2 Parameters for the yield envelop 




O'Neill et al. 
(2003) 
11.87 4.29 1.49 1.26 3.72 1.09 3.16 
Yang et al. 
(2010) 












Yang et al. 
(2010) 






Figure 7.1 Geometry of strip plate anchor (O'Neill et al., 2003) 
 
              
 
Figure 7.2 Configuration of Eulerian finite element model 
 










(a) V-H locus for strip plate anchor with B/t=7 
 











VH curve fit (O'Neill et al., 2003) 
VH (O'Neill et al., 2003) 
VH curve fit (Yang et al., 2010) 
VH (Yang et al., 2010) 



















VM curve fit (O'Neill et al., 2003) 
VM (O'Neill et al., 2003) 
VM curve fit (Yang et al., 2010) 
VM (Yang et al., 2010) 




(c) H-M locus for strip plate anchor with B/t=7 




















HM curve fit (O'Neill et al., 2003) 
HM (O'Neill et al., 2003) 
HM curve fit (Yang et al., 2010) 
HM (Yang et al., 2010) 






Figure 7.4 Normalized load-displacement curves for plate anchor under 





















(a) ∆z=0.2B                                     (b) ∆z=0.36B 
   
(c) ∆z=0.5B                               (d) ∆z=0.7B 
 
(e) ∆z=0.9B 













Figure 7.7 The revolution of the remolding zone during the purely 










































                     
                        (a)                                                      (b) 
 
(c) 
Figure 7.10 Sketch of configuration of plate anchor 
 
 

















(a) V-H locus for strip plate anchor with B/t=7 
 














VH curve fit (Yang et al., 2010) 
VH (Yang et al., 2010) 
VH curve fit (O'Neill et al., 2003) 
VH (O'Neill et al., 2003) 
VH after keying, no soil softening 
VH after keying, sensitivity=3 














VM curve fit (O'Neill et al., 2003) 
VM (O'Neill et al., 2003) 
VM curve fit (Yang et al., 2010) 
VM (Yang et al., 2010) 
VM after keying, no soil softening 
VM after keying, sensitivity=3 




(c) H-M locus for strip plate anchor with B/t=7 















HM curve fit (O'Neill et al., 2003) 
HM (O'Neill et al., 2003) 
HM curve fit (Yang et al., 2010) 
HM (Yang et al., 2010) 
HM after keying, no soil softening 
HM after keying, sensitivity=3 




(a)                                                       (b) 
Figure 7.13 Comparison of soil remoulding in the vicinity of SEPLA for 
different reference points (a)load reference point at the center of the fluke 






(a) V-H locus for square plate anchor with B/t=20 
 
















VH after keying, no sensitivity 
















VM after keying, no soil softening 





(c) H-M locus for square plate anchor with B/t=20 















HM after keying, no soil softening 




Chapter 8 Conclusions and Recommendations 
8.1 Introduction 
The problems related to the application of SEPLAs as a permanent mooring 
system are investigated by the Eulerian finite element method in this thesis. 
The pullout behavior of SEPLA in both uniform clay and clay with linearly 
increasing shear strength are investigated. The keying process and the effect of 
the suction caisson installation were also assessed in this thesis. The behaviour 
of SEPLA under combined load after the keying process is studied in this 
thesis as well. All the problems are illustrated in a logical way and this thesis 
provides a reference for the design of SEPLA.  
 
(1) The complexity of the finite element method 
This thesis extends the simplified two-dimensional plane strain finite element 
analysis for studying strip plate anchor uplift capacity to three-dimensional 
finite element analysis for studying square plate anchor uplift capacity. The 
Eulerian finite element method is able to simulate the whole pullout process 
and the failure mechanism is illustrated in this thesis. 
 
(2) The soil profile 
The pullout behavior of square plate anchor in uniform clay is illustrated in 
Chapter 4 and it is extended to a linear increasing shear strength soil profile in 
Chapter 5. The difference in behaviour is shown in this thesis. A method to 
predict the capacity factor of square anchor under different combinations of 
embedment ratio, soil nonhomogeneity and overburden ratio is proposed. 
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(3) The load complexity 
The uniaxial uplift capacity of square plate anchor is studied in Chapters 4 and 
5. The study is extended to the yield envelop of the plate anchor under a 
combination of vertical, horizontal and moment loadings in Chapter 7.  
 
(4) The behavior of SEPLA at different installation stage 
Wish-in-place horizontal plate anchor is modeled in Chapters 4 and 5. The 
installation and extraction of suction caisson as well as the keying process is 
studied in Chapter 6. The behavior under combined loading after the keying 
process is investigated in Chapter 7. 
 
8.2 Summary of findings 
Based on the numerical analysis for the Suction Embedded Plate Anchor, the 
foregoing study can be summarized as follows. 
(1) Three types of failure mechanisms are observed during the pullout process 
with the “immediate breakaway” contact condition. The conventional 
general failure mechanism and localized full flow mechanism have been 
extensively presented by early researchers. The Type C failure mechanism 
defined in this thesis is a partially localized flow mechanism when the 
overburden ratio is not high enough to form a full flow mechanism. 
 
(2) The effect of the soil rigidity index is negligible for both Type A and B 
failure mechanism. However, the anchor capacity factor is found to 




(3) The vertical pullout behavior of SEPLA in uniform clay and clay with 
linearly increasing shear strength is different. The uplift capacity is lower 
in soil with linearly increasing shear strength profile as compared to that in 
a uniform soil with the same undrained shear strength at the initial 
embedment depth and the same embedment ratio in an idealized 
weightless soil. When the effect of soil self-weight is taken into account, 
the capacity factor increases with the overburden ratio up to a limiting 
value for both uniform clay and clay with linearly increasing shear 
strength. The limiting capacity factor is identical at 13.1 when the 
overburden ratio is large enough to force the soil to mobilize the full-flow 
mechanism. 
 
(4) A method to predict the uplift capacity factor for square plate anchor under 
different combinations of embedment ratio, overburden pressure and soil 
non-homogeneity is proposed in this thesis. 
 
(5) The SEPLA loss of embedment during the keying process is affected by 
many factors. A smooth contact between soil and anchor will over predict 
the loss of embedment. The weight and resistance of the anchor shank is 
efficient in reducing the loss of embedment for SEPLA during the keying 
process. The loss of embedment increases sharply when the eccentricity 
ratio e/B is less than 0.5 but it is not sensitive when the eccentricity ratio 
exceeds 1. The anchor load inclination angle has minimal effect on the 
ultimate anchor resistance but it affects the loss of embedment. The 
maximum loss of embedment reduces with reducing pullout angle. 
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(6) The soil flow mechanism is different for the SEPLA during the keying 
process in uniform clay and in clay with linearly increasing shear strength. 
The soil flows almost symmetrically around the edges of the fluke after it 
mobilizes the maximum resistance and the resistance remains constant in 
uniform clay. However, the SEPLA will mobilize the softer soil in the clay 
with linearly increasing shear strength after mobilizing the maximum 
resistance and the soil flow around the upper edge of the SEPLA resulting 
in a drop of the resistance. 
 
(7) The simulation of installation and extraction of the suction caisson which 
causes the remolding of the soil will reduce the loss of embedment of the 
SEPLA. The ultimate resistance of SEPLA is about 7% lower when 
considering the installation by suction caisson because of the remoulding 
compare to the wish-in-place anchors. 
 
(8) The remolding of the soil will not affect the maximum resistance of the 
wish-in-place horizontal plate anchor but the resistance of the anchor will 
decease with increasing displacement of the plate. 
 
(9) The yield locus for a typical strip and square plate anchor in the short-term 
condition after the keying process is much smaller than the wish-in-place 
horizontal plate anchor due to the change of the anchor configuration and 
the remolding of the soil during the keying process. The shape of the yield 
locus however does not change.  
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8.3 Recommendations for future studies 
Some possible areas which are related to the design of SEPLA and worth 
further exploration will be discussed here. These include the consideration of 
the effect of aspect ratio, long-term behavior, interaction between SEPLA and 
mooring line and the behavior of SEPLA under out of plane loading condition 
after the keying process.  
 
8.3.1 The effect of aspect ratio  
In this thesis, a square plate anchor is selected to study the vertical pullout 
behavior of SEPLA in both uniform clay and clay with linearly increasing 
shear strength. A typical SEPLA is rectangular in shape. A square is an 
important limiting geometry although not strictly representative of many 
marine anchors used in practice. The strip plate anchor is another extreme 
condition and has been extensively studied by previous researchers. The 
pullout behavior of rectangular plate anchor is expected to be bounded 
between that of a square and a strip plate anchor. The effect of plate aspect 
ratio (length/width) needs to be studied for different SEPLA geometry. 
 
8.3.2 Long-term capacity and behaviour of SEPLA  
All the results presented in this thesis focus on the short-term behavior of 
SEPLA as it is based on an undrained analysis. The capacity of SEPLA will 
change after the consolidation of the soil and dissipation of the pore water 
pressure generated during the undrained analysis. Wong et al. (2012) did 
model test to study the behavior of SEPLA under sustained loading. They 
concluded that increase in capacity due to consolidation can be significant for 
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load levels below 80% but failure was found to occur due to strength reduction 
at low strain rates for a sustained load level of 85%. As the industry intend to 
apply the SEPLA in permanent mooring systems for floating production 
facilities (Brown et al., 2010), long-term capacity and behaviour of SEPLA 
especially the effect of soil consolidation after keying process should be 
further explored by various parametric study.  
 
8.3.3 Interaction of the SEPLA and mooring line 
In the field, the keying process of the SEPLA is done from a vessel by 
changing the position of the vessel while the SEPLA is pulled by a pulley 
system in the numerical simulation following the procedure of the centrifuge 
test. A more realistic modeling to represent the real field condition is 
recommended for further exploration. Most of the previous study for the 
interaction of mooring line and soil focus on the drag anchor and pointed out 
that the mooring line will be in a catenary shape in water and inverse catenary 
shape in soil due to the weight of the mooring line (O’Neill et al., 2003). 
Further study on the effect of mooring line and soil interaction during the 
keying process of SEPLA is necessary. 
 
8.3.4 Out of plane loading 
As the mooring systems are typically designed for anchor line loads that act 
within the plane of the major axis of the anchor (Gilbert et al., 2009), only in-
plan load is considered in this thesis. However, if one or more of the mooring 
lines fail, the remaining anchors will be subjected to out of plane loading 
condition. The plate anchor will be subjected to six degrees of freedom load: 
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three force components and three moment components. It is important to 
assess how the out of plane loading can affect the ultimate capacity of the 
plate. Further study may be carried out to determine the complete yield locus 
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